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Chapter 1

Introduction

1.1 Problem Statement

The objective of this study is to numerically examine the interaction of a premixed laminar

flame with its self-induced boundary layer in a channel. As a flame propagates down a channel,

it creates pressure waves ahead of it. I If the flame is accelerating, the flame generates compression

waves and if the flame is decelerating, expansion waves are formed. These waves cause motion of

the gas ahead of the flame. If the channel has an open end toward which the flame propagates, the

gas set in motion by the flame can exit the channel. This self-induced fluid motion ahead of the

flame causes a boundary layer to form along the channel wall. The flame then propagates into this

boundary layer created by its own motion.

A flame, or a deflagration wave, is a self-sustaining combustion zone moving at subsonic speeds.

If the combustion zone moves at a supersonic speed, the wave is a detonation. Many factors influence

the speed of the flame. 2 The effect of the fuel type is important, with different fuels propagating

at different speeds. Another factor influencing flame speed is the mixture composition, whether the

mixture is rich, lean, or stoichiometric. A stoichiometric reaction is one where all of the fuel and

oxidizer is consumed. A rich mixture is one where there is more fuel present than the stoichiometric

condition, and a lean mixture is one where there is less fuel than the stoichiometric conditions. The

initial temperature and pressure also affect the flame speed. If the initial mixture is heated, the

resulting flame speed will be faster. Pressure effects vary with the order of the reaction. The reaction

order depends on the exponential powers of the reactants in the rate equation. For zero and first

order reactions, the flame speed increases as the pressure decreases. For second order reactions, the

flame speed is independent of the pressure, and for reaction orders greater then two, the flame speed

decreases with decreasing pressure.



Two types of flames exist,premixed and diffusion.A premixed flame has the fueland oxidizer

mixed at the molecular levelbeforethe material isignited.An example of thistype of flame would

be a Bunsen burner. The fueland airenter at the bottom of the Bunsen tube and mix beforethey

reach the top ofthe tube where the flame islocated.In a diffusionflame,alsocalleda non-premixed

flame,the fueland oxidizerare initiallyseparated. The reactionoccurs in the zone where the fuel

and oxidizercome together and mix. A candle isan example of a diffusionflame. The wax ofthe

candle ismelted, evaporates,diffusesinto the air,and burns in the diffusionzone.

The main purpose of thisinvestigationisto examine the basicflow physicsof the formation of

the boundary layerahead of the flame and the interactionwith the flame as itpropagates intothe

boundary layer.Flames inchannels with an open end have applicationsto the flame spread in ducts

and in mines. It also deals with the flame spread in an aircraftfueltank. Ifthe tank becomes

ruptured and ignites,the gases can escape out from the tank through the rupture. The rate of

the flame propagation through the tank willdepend on where the rupture occurs,eitherahead of

the flame or behind it. In the study of the transitionfrom a deflagrationwave to a detonation

wave, localizedignitionshave occurred ahead of the flame in the boundary layer.2-5 The study of

micro-propulsion,the use of small thrusterson light-weightspacecraft,depends on the combustion

intinychambers and channels to generatethe high pressureand high temperature gas foruse inthe

nozzle.The effectsof the boundary layeron the flame structureisof interestin the micro-channel

environment ofthese propulsiondevices.

In thisstudy,the two-dimensional Navier-Stokesequations are used to simulatethe propagation

of a flame in a channel. A single step, two species chemistry model is used which simulates the

reaction of an acetylene-air mixture. The bounda_" condition for the temperature at the wall is

examined for adiabatic and isothermal conditions to study its effect on the flame propagation. The

flame ignition method is varied from a planar ignition to a spark ignition to examine what effects

ignition has on the flame structure.

1.2 Previous Work

There are three channel configurationsthat are used for the numerical and experimentalwork

dealingwith flamesintube. The differentconfigurationsdepend on the conditionsatthe ends ofthe

tube. Using the notation that the ignitionoccurson the leftsideofthe channel,and that the channel

isdescribedby definingthe leftand then the righthand sides,the three channel configurationsare

closed-closed,open-closed,and closed-open.



1.2.1 Closed- Closed

Figure 1.1 shows the channel configuration for the closed-closed geometry. The ignition occurs

at the left closed end and the flame propagates toward the right closed end. A great amount
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Figure 1.1: Closed-Closed Channel Configuration.

of experimental work _-12 and numerical work 13-2shas been done on tubes with a closed-closed

configuration.Figure 1.2 shows the experimental stroboscopicflame record of EUise for the flame

propagation in tubes with the same diameter but varying the tube length. For allthe tubes, the

flame was ignitedusing a spark on the leftend. After the sparked ignition,the flame expands

sphericallyuntilitapproaches the top and bottom walls.The flame then takeson an ellipticalshape

as the portionsthat are nearingthe top and bottom wallsslow do_. When the flame reachesthese

walls,the flame isquenched (extinguished)and the flame surfacearea decreases.This causes the

flame to slow,sincea lower flame area resultsin lessburning, and thereforelesshot, expanding gas.

After the flame slows,one of two possibilitiescan happen, depending on the length to diameter

ratio,L/D, of the tube. For tubes with a largeLID ratio,the portions of the flame closeto the

wallsbegin to move fasterthan the flame near the centerline.The flame develops a rearward cusp

near the centerlineas the flame at the centerlinelagsbehind the flame closerto the top and bottom

walls. Salamandra et al.s called this a 'tulip' flame. For tubes with an L/D < 2, no tulip flame

appears. 6'9 This is seen in figure 1.2 as photograph (d). Photographs (a), (b), and (c) all develop

the tulip flame.

The reason for the formation of the tulip is not yet clearly understood. It is known that the

formation depends on the tube aspect ratio, L/D, the mixture composition, and the initial mixture

pressure. 9 An earlier explanation by Guenoche 9 theorizes that the tulip is caused by the interaction

of pressure waves that have reflected off the end wall. During the initial expansion of the flame due

3



Figure 1.2: Flame propagation in a tube closed at both ends, from Ellis. 6 (a) 19.5 cm, (b) 17 cm,

(c) 12 cm (d) 9.5 cm



to thespark,theflameemitspressurewaves) These waves reflect off of the closed end of the tube

and intersect the flame. This explanation is dismissed since numerical studies have been performed

using low Mach number approximations that negate pressure waves and these studies ha_e still

seen the formation of the tulip flame phenomenaJ 2,15,18 Dunn-Rankin et al. 12 determined that

the presence of vorticity is not required for the tulip formation. It has also been determined that

viscosity is not required since much numerical work has been done using the inviscid formulation

and has still generated a tulip flame. 12,16, is, 19 The work of Marra and Continillo 2s disagrees with

this conclusion. They show that when the wall boundary is the slip condition, no tulip forms, but

if viscosity is included and the condition is the no-slip wall, a tulip forms in the same tube. The

most recent theory is that the tulip is formed from the Darrieus-Landau 24' 2s instability caused by

the flow through a curved flame front. 12' is, 19,26

1.2.2 Open- Closed

Figure 1.3 shows the channel configuration for the open-closed geometry. The ignition is on the

left hand side and the flame propagates to the right toward the closed end of the tube. The hot

expanding gases are allowed to escape from the open end of the channel, providing a nearly stagnant

gas into which the flame moves.

IIIIIIIIIIIIii11111111111111111111111111

Ignition
end

ou_low

bounda_

Flame
propagation

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Figure 1.3: Open-Closed Channel Configuration.

This open-closed configuration has been studied both experimentally 7' 27-31 and recently numer-

ically.16,26, 32-34 Mallard and Le Chatelier 27 discovered that for this configuration, the flame travels

for some distance at a constant speed. Coward and Hartwell 2s found that below a minimum diame-

ter, the flame speed is not constant. As the diameter is increased, the flame speed becomes constant

over some distance. As the diameter increases, this constant flame speed also increases. 2s
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Table1.1: Experimental tubes for the open-closed configuration. 29

tube number 1 2 3 4

Length (cm) 56 57 98 I00

diameter _ (cm) 2.9 2.9 4.0 2.0

ignitionsource flame spark spark spark

Figure 1.4,taken from Guenoche and Jouy,29 shows the flame propagation in varioustubes for

acetylene-airmixtures. Table 1.1givesthe tube parameters forthe fourtubes used inthe experiment.

In the figure,the flames move from the rightto the left.The 'h'and 'v'on the rightsideof the

figurereferto the plane that the photographs were taken in,'h'inthe horizontalplane and 'v'in

the vertical.The variablesd_ and d! in the originalcaptionreferto the sizeof the openings on

the ignitionand opposite ends of the tube. The flames are ignitedusing eithera spark or using an

already developed flame that enters the tube on the open end. The time between photographs is

given by At.

The flamesinthe figure1.4take on a varietyof shapes.29 The hook-shaped flame,as seen inthe

third tube from the top, isdue to buoyancy effects.A tulipflame can appear in thistype of tube

as well,as seen inthe second and twelveth tubes,but itisnot always present.The existenceofthe

tulipin thisconfigurationwas also shown numerically.16 The flame can alsotake on a 'mushroom'

or parabolicshape.

Lee and Tsai33 and Hackert et al.34performed numerical studieson the effectsof the wall

boundary condition on the flame shapes, with the objectiveof determining whether a tulipor

a mushroom flame is formed. For insulatedtubes, both shapes appeared in tubes with a large

diameter. As the diameter decreases,only the tulipflame shape develops.33 The tulipflames also

propagate ata fasterspeed then the mushroom shaped flaYnes. 33 For an isothermalwall,both flame

shapes exist,but as the diameter decreases,only the mushroom shape occurs.33'34For thisboundary

condition,the mushroom-shaped flame propagates the fastest.33Ifthe wallsare convectivelycooled,

both flame shapes appear.34

1.2.3 Closed = Open

Figure 1.5 shows the channel configurationfor the closed-opengeometry. Here, ignitionoccurs

at the closedend, and then the flame forms and propagates toward the open end, where the gas

escapes the channel. Since the gas isallowed to escape,there isa flowformed ahead of the flame.

This flowiscaused by the expansion of the gas as itburns and pushes the flow ahead ofthe flame,

6



Figure 1.4: Flame propagation in tube opened at the ignilion end. Taken from Guenoche and Jouy 2'_



similar to a piston. Due to the motion ahead of the flame, the flame propagates at a greater speed

then it did for the previous two channel configurations?
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Figure 1.5:Closed-Open Channel Configuration.

Littleexperimentalwork 7,9,2?has been done on the closed-openconfigurationand no references

to numerical work were found. Figures 1.6,1.7,and 1.8show schlierenphotographs for flamesin

fuellean,stoichiometric,and fuelrichconditions.? On the top of figure1.6,the experimental tube is

seen with itsfourwindows. The schlierenphotographs are shown below the window from which they

were taken. The times on the rightbetween the photographs representthe time intervalsbetween

photographs. The flame was ignitedwith a spark.

After the flame induced by the spark has reached the sidewall,the flames in allthree mixtures

keep theirrounded shapes, no tulipsforms. Guenoche reported that tulipshave formed inclosed-

open channel configurations.9 As the flames continuedto propagate down the tube, they underwent

a transitionfrom laminar toturbulent.When thishappens, the flame speed greatlyincreasesdue the

increasedburning area ofthe flame. The transitionoccurs sooner the closerthat the mixture isto

stoichiometricconditions.? Figure 1.8,a richfuelmixture, shows that the flame oscillates,and even

reversesdirectionfor a time beforeresuming movement toward the open end of the tube. Mallard

and Le Chateliercalledthisthe 'movement saccade'or 'jerkymotion'._?
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Figure 1.8: Flame propagation in a tube closed at the ignition end and open at the other, fuel rich, from Schmidt et al. 7
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Chapter 2

Governing Equations and
Numerical Procedure

This chapter details the governing equations, chemistry model, integration technique, and bound-

ary conditions.

2.1 Navier-Stokes Equations

The unsteady, two-dimensional, compressible, chemically reacting, Navier-Stokes equations in

conservation form were solved. These equations model the conservation of total mass density, species

mass in terms of number densities, momentum, and energy.

written: 35

• Conservation of Total Mass

• Conservation of x-Momentum

Op + Opu Opv
-y-_-+--_-y=o

o(pu) o(_u) O(_v)
+ +_

Ot cgz Oy

• Conservation of y-Momentum

ap 0r_z Orz_
:-a_ +-_- +--_-

a(_,) + o(_u) + a(mv) op _v, a_-,,
a, a--V- : -_ +-_-_ + oy

• Conservation of Total Energy

O(_t) O(petu) O(petv)
_+ +

Ot Oz Oy

In differentialform, they may be

(2.1)

(2.2)

(2.3)

O(pu) otp_) oq, oar
Oz Oy Ox ay

(2.4)

+
O(ur_, + vr_,) O(urv, + vrw)

+
Oz o_

12



• Conservationof SpeciesMassDensity

Oni O(niu) O(niv) O(niU,,, ) O(niUu, )

_- + o----T-+ oy - oz o_ + _' (2.5)

The total internal energy is the sum of the individual species sensible internal energies plus zero

point energies, as represented by the heats of formation, and the kinetic energy. The total internal

energy density can be written as

nl

pe,= p,/e,,+ A S,)+ +v2)
i=1

where ns is the number of species. The viscous stress terms, r==, _'=u = rv= , and vu_ , are _a-itten as

_'z= = A _x + +2/_-_z (2.7)

_,_ = u +_ (2.8)

_u_ = a + + 2u_ (2.9)

Stokes Hypothesis isused to relatethe bulk viscosityto the dynamic viscosity,A _____/_.2The heat

fluxterms, qz and qv,containcontributionsdue to conduction and heat fluxdue to the diffusionof

the species,

_kOT "°
q= = Ox + ZP_U=' (h,, + Ah/,) (2.10)

i=l

= _k 0T "_
q" oy + _p,V_, (h., + ZXhl,) (2.11)

The diffusion velocities, U=, and Uu, are calculated using a modified form of Fick's Law, 36

Oci _-_ D .Ocj (2.12)
p_U=, = -PDi_x + Pi A.., _ Ox

j=l

n$

Oci D.OCj (2.13)
piUu, = -pDi"x--- + pi Z _ Oy

oy j=l

To complete the system of equations, the individual gases are assumed to be thermally perfect, and

the perfect gas equation of state is used,

p = pR, T (2.14)

e,, = e,, (T) (2.15)

The exact formulation of the species sensible internal energy will be given in the next section. The

species densities are constrained such that the sum of the species densities must equal the total

density.

13



2.2 Chemistry Model

A single-step chemistry model consisting of two species was implemented. The model was de-

veloped by Khokhlov et al.2v to simulate a stoichiometric acetylene-air reaction at 100 tort (100 tort

= 1/7.6 atm).

5

C2H2 + _ (02 + 3.76N2) -_ 2C02 + H_O + 9.4N2 (2.16)

The model consists of a unimolecular reaction that consumes a fuel, F, representing the acetylene

and air mixture, producing a product, P, representing the carbon dioxide, water, and nitrogen.

F -+ P (2.17)

The rateequation iswrittenin terms of the mass fractionof fuel,Y. Itisfirstorder with the rate

constant given by an Arrhenius Law,

dY

d'-T = -pYk! (2.18)

k/= Are (-TolT) (2.19)

The energy releasedue to the combustion isa constant given by

q = 35RsTr (2.20)

This represents an effective zero-point energy or heat of formation of the fuel species, F. The heat

of formation of the product species, P, is zero. The use of a simplified one-step chemistry model,

as opposed to a multi-reaction, multi-species model, is done to reduce the chemical integration time

while still maintaining an accurate representation of the chemistry in the problem. A multi-species,

multi-reaction model can lead to significant increases in the computational time. In some situations,

the chemistry integration time can be of the same order of magnitude or greater then the fluid

dynamic integration time. 3s

Table 2.1 gives the values of the chemical and gas properties. The molecular weights of the fuel

and product are equal and constant. The value of 29.0 was chosen as the average of the molecule

weights of the acetylene and air mixture and of the carbon-dioxide, water and nitrogen mixture.

The specific heats, c_ and c_, of both species are equal and constant. The actual values of the

specific heats increase as the temperature increases. Since one of the goals of this research is to

investigate the basic flow physics, the use of a constant specific heat assists in the formation of

constant flow parameters, such as Prandtl number and Lewis number. Also, the use of a constant

14



Table 2.1: Chemical and Fluid Properties

Property Value

M 29.0 (g/tool)

Re 2.8670 × 106 (erg/g-K)

7 1.250

c_ 1.4335 x l0 T (erg/g-K)

c_ 1.1468 x 107 (erg/g-K)

Ar 1.0 x 1012 (cm3/g-s)

Tr 293 (g)

T. 29.3T_ (g)

/_r 2.439 x 10 -8 (g/cm-s)

k_ 2.439 x 10 -s (g/cm-s)

D_ 2.439 x 10 -8 (g/cm-s)

specific heat reduces the cost of the computation by simplifying the calculation of the temperature.

If a function of temperature was implemented, the temperature calculation would be an iterative

procedure, increasing the computational time. These parameters were chosen by Khokhlov et ai.3T

to fit the measured values of the laminar flame speed, laminar flame thickness, Chapman-Jouget

detonation velocity, and the detonation thickness of an acetylene-air mixture for a pressure range of

0.1 to 1.0 atmospheres.

With the specific heats constant, the sensible internal energy of both species becomes c_T. It is

now possible to define the equations for the species internal energies and enthalpies. Both contain

the sensible part and the heat of formation.

ey = _T-t-q (2.21)

ep = c_T (2.22)

hy =cpT + q (2.23)

hp = c_T (2.24)

Taking the above equations and substituting them into equation (2.6) gives the equation for the

total internal energy as

pet = pc_T + 2p (u 2 + v 2) + pYq (2.25)

15



2.3 Transport Properties

2.3.1 Dynamic Viscosity and Thermal Conductivity

The dynamic viscosity,p, and the thermal conductivity,k,are calculatedfrom power-law func-

tions of temperature, 37

# = _u_ (2.26)

k = krc_(_----_)" (2.27)

where n = 0.7. These forms of the equations give a Prandtl Number of

Pr = #% = #___?r (2.28)
k k_

This allows parametric studies to be done by changing the reference coefficients, Pr and kr, to get

the desired Prandtl Number.

2.3.2 Mass Diffusion Coefficient

Since in this model the gas contains two species, the binary diffz_ion coefficients for the two

species are equal, 39 Dy = Dp. These coefficients are calculated as power-law functions of tempera-

ture and density, 37

_
With the binary diffusion coefficient in this form the Lewis-Semenov number can be written as

Le = pcj__DD= Dr
k kr (2.30)

This definition of the Lewis number is the standard way it is defined in aerodynamic texts. Some

texts on combustion define the Lewis Number as the reciprocal, so that Le would be equal to kr/D_.

For a binary gas, Fick's Law as given by equation (2.12) reduces to

Oc/ (2.31)
p_Uz, = -PD_x

Oc_

p,V_, = -pD-y_ (2.32)

Using this form of Fick's Law, the definitions of the enthalpies as given in equation (2.21), and the

fact that the sum of the mass fluxes must be zero, (pyUy = -ppUp), the heat flux terms from
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equation (2.10)can be writtenas

2.4

_k OT OY
qz = Ox - pDq'o'xx

_kOT Or
q_ = cgy - pDq_y

Numerical Procedure - LCPFCT

(2.33)

(2.34)

The convective terms of the Navier-Stokes equations are integrated in time using a parallel

version of the Flux Corrected Transport model, LCPFCT. 4° The viscous, conductive, and mass

diffusion terms can be treated as either source terms or can be added in separately after the convective

terms are integrated. The pressure terms axe always included as source terms for the LCPFCT

routine. The species production term, _bi, is integrated separately.

The LCPFCT routine is a cell centered, finite volume convection routine which is second-order

in time and fourth-order in space. The evaluation of the source terms, the viscous, conduction, and

mass diffusion fluxes, are second order, which reduces the entire scheme to second order in space.

LCPFCT is a nonlinear, monotone method designed to calculate sharp gradients with minimal

numerical diffusion. The flux quantity, for example p, is convected to an intermediate value in a

predictor step. Diffusion is added to guarantee that the new density is monotonic. This value is

then corrected by an anti-diffusion term to remove the added diffusion and advance the density to

the new time. The amount of anti-diffusion that is added depends on the local values of the flux

term making the method nonlinear. The amount of anti-diffusion added also ensures that no new

minima or maxima are generated, or adds to those that already exist.

The LCPFCT routine solves the general, one, dimensional, continuity equation as given by :

0¢ 1 cg(r_-l¢u) 1 cg(ra-lB1) OB2
Cg---t= r a-1 Or -- r a-1 Or d- 62 _ + B3 (2.35)

The density flux terms in the Navier-Stokes equations, p, pu, pv, and pet, are represented by ¢. The

a represents the coordinate system used, 1 for Cartesian, 2 for cylindrical, and 3 for spherical, with

r being a generalized coordinate direction. The terms B1, B2, and Bz represent source terms, such

as viscous stress terms or heat flux terms. The C2 is a constant.

LCPFCT first convects the the above general continuity equation to get a temporary term ¢_

= - +Ate ° A i Au i (2.36)A_¢_ A°¢_' At¢_+½ A_+½ Au_+½ _½ _½ _½

where A is the cell volume per unit depth, A is the cell interface area per unit depth, and Au is

the difference between the flow velocity and the grid motion for a moving grid. For the stationary
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Cartesian grid that was used for this study, A = 1, Ai = ri+ ½ - r i_ ½, and Au is equal to the fluid

velocity. Since LCPFCT is a cell centered algorithm, the subscript i refers to the cell centers. The

subscripts i 4- 1/2 refer to points on the cell interfaces. These cell interface values are calculated as

average values of the cell centered values that they are located between. The source terms are then

added in to calculate a transported density, cT.

1 1
A°¢ r = A°¢_ ' + _atAi+½ (Bl,i+l + Bl,i) - _AtAi_ ½(Bl,i + Bl,i-1)

+ iAtC2,, (A,+½ + A,_½) (B2,i+1- B=,i-1) (2.37)

+ AtA°Bs,_

The diffusionisnow added to obtain the transported-diffuseddensity,¢_.

A_*¢, = A°¢ T + v,+½ A,+½ (¢,°+1 - ¢o) _ v,_ ½A,_ ½ (¢o _ ¢o_1) (2.38)

where the diffusion term, v, is given by

1 1 2
vi+½ = _ + _ei+ ½ (2.39)

A " At(l+ 1)e,+½= i+½_ui+½--_- -_i _ (2.40)

ad

The anti-diffusion flux, ]_+½, is calculated from the transported density, cT, from equation (2.37).

This density is used so that there is no residual diffusion for the case when the fluid velocity is equal

to the grid velocity (Aui+ ½ = 0). This would be the case if the transPorted-diffusion density, ¢,

was used instead.

/;if½= .,+½:,,+½(¢,T1- (2.41)

where the anti-diffusion term, p, is given by

1 1
= 6 g4+½ (2.42)

The diffusionterm, v, and the anti-diffusionterm, /_,were chosen by Boris and Book 41 to reduce

the phase errorsfor the convectionto be fourthorder accurate.The anti-diffusionfluxmust now be

corrected to ensure that no new minima or maxima are created. This is accomplished by applying

a flux limiter to obtain the corrected anti-diffusion flux, f_+ ½.

.f_+½ = rain [I]_½1,Si+½A_*+,(¢i+2-¢i+i) ,Si+½A[_(¢i-¢(-I)]

.f:_.½ = Si+½ max {0,f_½} (2.43)
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where Si+ ½ is given by

x (¢:+,
In theory S should be equal to one. In practicethe value used isslightlylessthen one, around

0.999 to 0.997,toprovideresidualdiffusionto be retainedby the solution.Then, from the corrected

anti-diffusionflux,the new density,¢_, iscalculatedby

1 c

To obtain second order accuracy in time, the density flux terms from the Navier-Stokes equation,

p, pu, pv, pet, and ni are convected to the half time-step, t] = t ° + ½At. These new half-step values

are used to evaluate the density fluxes for the entire time step, t n -- t ° + At.

To use the one-dimensional LCPFCT on the two-dimensional Navier-Stokes equations, the equa-

tions are split into two sets of equations, one for the x direction and the other for the y direction.

Each direction is then integrated separately. To avoid biasing one direction over the other, the inte-

gration for each time step is switched. For one time step the x direction is done first and then the

y, for the next time step the y is integrated first then the x. To perform this direction splitting, the

time step must be small enough so that the cell values do not change rapidly over the time step. °

2.5 Time Step Determination

The time step for explicit methods, such as LCPFCT, are restricted due to stability requirements.

These can be derived as in Hoffman 42 for the linear stability of parabolic equations. The time step is

restricted to be the minimum value of the convective, viscous, conductive, and diffusive time steps.

At = (C F L ) min ( Atcon_, A tv,,c , Atco_d, A tdi l l ) (2.46)

where CFL represents the Courant-Friedrichs and Leg-y number. For each new time step, the above

equation is evaluated over the entire grid. For positivity of the LCPFCT routine, the CFL number

is limited to be less then one-half. 4° It was determined that for the flame calculations, the CFL

number needed to be less then 0.25 for stability. A value of 0.2 was used for all calculations.

The convective time step is determined by

Atco._ = rain \1_,_1 + c.,_' Iv,jI + _,_/ (2.47)

The viscous time step is determined by

( Az_, Ay2,,)
At_,,c = rain k _ _ ] (2.48)
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where u isthe kinematic viscositycoefficient.The thermal conduction time step isdetermined by

(Az_, i Aye, j) (2.49)_tcond = rain _ 2ai,j ' 2aid

where a is the thermal diffusivity. The time step due to the mass diffusion is given by

Atdiy! --rnin _,2Dij, _ ] (2.50)

where D is the binary mass diffusion coefficient. The limiting time scale was determined to be the

convective time-step in the burned region.

2.6 Chemistry Integration

After LCPFCT has solved the convectivepart of the Navier-Stokes equations the chemistry

part isintegrated. The chemical source term, w_ appears only in the speciescontinuityequation

(2.5).The other conserved quantities,p, pu, pv, and pet,are held constant during the chemistry

integration.The chemical reactionsdo not change the totalinternalenergy,pet,asgiven by equation

(2.25)but only convertthe chemical energy,pYq, intosensibleenergy,pc_T.

From the chemical rateequation,(2.18),the rateconstant definedinequation (2.19)isevaluated

at the currenttemperature. The resultingordinary differentialequation isthen integratedin time

to givethe new speciesfuelmass fractionas

yi n -_ yi° exp (-pklAt) (2.51)

With the new fuel mass fraction found from the above equation, the product mass fraction is found

from P = 1 - Y since the sum of the mass fractions must equal one. The new number densities are

calculated from the mass fraction of fuel as

pYNa

ny =

p(1 - Y)No
np- .M

The temperature and pressure are updated due to the reaction.

definition of the total internal energy (2.6) the temperature can be found as

1
pet - 3P ( u2 + v2) - pynq

T n =
pc_

The pressure can be found from the equation of state (2.14).

(2.52)

(2.53)

From the equation for the

(2.54)
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2.7 Boundary Conditions

The Navier-Stokes equations control the fluid dynamics of the system. The boundary conditions

are what defines the system. These conditions tell the equations where there are walls, inflows,

outflows, etc. The boundary conditions control the solution to the problem.

The boundary conditions for subsonic inflows, subsonic outflows and walls were calculated using

the characteristic method of Poinsot and Lele 43 developed for a three-dimensional calorically perfect

gas. Their method for boundary conditions of the Navier-Stokes equations is an extension on the

Euler method of Thompson. 44'45 This method uses the Navier-Stokes equations to solve for the

boundary variables that are not specified. It does this by calculating the characteristic waves that

are leaving and entering the system and using these waves to calculate the variables that are not

known.

Using the characteristic analysis in Thompson, 44 the Navier Stokes equations are written for a

two-dimensional system as 43 :

Op a(pv) = 0 (2.55)_+dl+ a--7

cg(pu) + udl + pd3 + O(puv) c%'=, c_'=_.... + -- (2.56)
Ot Oy Oz Oy

O(pvv) Op + Or_, 0r_v (2.57)
--+_dl+pd,+ o--7-=-o-_ -_-_+ oy

O(pet) 1 d2
Ot + 2 (u2 + v2) dl+ _ + p_zd3 + Pvd4

O(petv) O(pv) Oq= Oq v
"b -- _

Oy Oy Oz Oy

+ O(ur==+ vrxv) + O(ur_, + vr_) (2.58)
Oz Oy

It is assumed that the x-direction is normal to the boundaries. The di terms contain the values for

the derivatives in the x direction. They are given by: 44

d_ = _- _2 + _ (q'1+ @4) (2.59)
1

d2 = _ (@t +@4) (2.60)

1

d3 = 2-_ (@4 - @1) (2.61)

d4 = @3 (2.62)
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Figure 2.1: Characteristic Wave Configuration

The _i terms are the amplitudes of the characteristicwaves. These waves are shown in Figure 2.1

for an the inflow and outflow configuration.The waves _2 , _s, and _4 move in the positivex

direction.The wave _i moves in the negative x direction.These terms are given by :

_]_1 = (U_C) (0, O_)- pc_--_z (2.63)

(c2 O__x Op ) (2.64)_2 = u _z

(o;.)@3 = u (2.65)

• 4 = (u+c)( Op Ou)+ pe_--_x (2.66)

The waves propagating from the insideof the domain out of the boundaries are calculated

usingone sidedfinitedifferencing.To calculatethe waves moving intothe system from the outside,

Poinsotand Lele43used a one-dimensionalanalysistoestimate theirvalues.Interms ofthe primitive

variables,p,u, v,p, and T, theseequations are written as 44 :

ap
0_" -t" dl = 0 (2.67)

#u
+ ds = 0 (2.68)

Ot
Ov

+ d4 = 0 (2.69)Ot
Op
O-t + d2 -- 0 (2.70)

OTaP T [-@2+_('}'-1)(_1+@4)] =0 (2.71)

From these equation, relations between the incoming and outgoing waves can be established based
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on the set valuesat the boundaries.

Salnt-Martin-Tillet4s implemented these boundary conditions for nonreacting flow in a two-

dimensional channel. He modeled the boundary conditionsby consideringthe one-dimensional

Euler equations alone as given by equations (2.67- 2.71).This worked for the wall boundary and

for the inflowifitconsistedof parallelflow,v --0. Italsoworked wellforthe outflowin an inviscid

regionof the flow,such as near the centerlineof a channel. Problems arose for inflowsthat were

not parallel,such as flow at a stagnation point,and for the outflow of a viscousregion,such as

a boundary layer.These problems were correctedby expanding the boundary conditionsto two

dimensions and solvingequations (2.55- 2.58),includingallthe viscousterms.

2.7.1 Subsonic Inflow Boundary Condition

For an inflowboundary, itiscommon to definethe velocitiesand a thermodynamic variable,

such as temperature. For a reacting case,the inflowmass fractionsare alsospecified.With the

primitivevariablesu, v,and T specifiedthe boundary equations (2.56),(2.57),and (2.58)do not

need to be solved,only the equation of the globalmass density,(2.55)needs to be solved.

For an inflow,the wave _1 isleavingthe domain and the other waves are entering,therefore_Pl

isthe only wave that can be calculated.To obtain valuesforthe waves that are enteringthe domain

through the boundary, the one-dimensional equations (2.67- 2.71)are used to definethe incoming

waves in terms of the outgoing wave. Imposing the velocities(u and _"are set)givesdz = 0 and

d4 --0. Using equations (2.61)and (2.62),these conditionsdefinethe the wave amplitudes _z and

_4 as

_s = 0 (2.72)

_I/4 : _1 (2.73)

From equation (2.71),imposing the temperature and making use of the above equations gives the

expressionfor_2 as

• 2 = ('r- I) i (2.74)

These valuesare used tocalculatedl which isused inthe calculationofthe new inflowdensity.Once

the new globaldensityisdetermined the pressureisobtained from the equation ofstate.The inflow

number densitiesare calculatedfrom the specifiedinflowmass fractionand the new globaldensity.

The totalenergy densityiscalculatedfrom equation (2.25).
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2.7.2 Wall Boundary Conditions

For the case of a solidwall,the no-slipconditionapplies.This means that the two components

of velocityare zero at the wall,u = v = 0. Using u = 0 in equations (2.63)and (2.65)gives the

waves q_2 and q_sas

_2 = _s = 0 (2.75)

From the one-dimensional equation for u, (2.68), ds = 0 which provides a relationship from the

remaining two waves as

_1 = _4 (2.?6)

From Figure 2.1, if the inflow is replaced by a wall, then the wave g_l is calculated from the compu-

tational system. If the outflow is replaced by a wall then the wave q_4 is calculated.

For the wall temperature, there are three possible numerical boundary conditions. The first is

the isothermal wall where the wall temperature is held constant. The second is the adiabatic wall

where the heat flux to the wall is zero. The third possible numerical boundary condition for the

temperature at the wall is the convectively cooled or heated wall. The wall temperature is calculated

based on an energy balance between the wall heat flux and the convective heat flux. If the wall has

a non-zero thickness, then modeling of the heat conduction through the wall is required. This third

type will not be discussed here.

For the mass fraction at the wall there are three possibilities. The first is an equilibrium wall

where the mass fractions are calculated based on their chemical equilibrium value at the wall tem-

perature. The second is a non-catalytic wail, where the mass flux to the wall, as given by Fick's'

Law, is zero. For the binary gas system this condition reduces to a zero mass fraction gradient at

the wail. The third condition, lying in between the first two conditions, is for a catalytic wall. For

this boundary condition the species mass fractions are calculated based on a combination of the wail

material properties and mass diffusion flux from the fluid. This third type will not be discussed

here. For an excellent explanation of catalytic wall boundary conditions see Grumet. 4_

Using the first two temperature and mass fractions boundary conditions, four sets of wall condi-

tions can be formed.

• For an isothermal, non-catalytic wall, the temperature is specified and the species mass frac-

tions are found by setting the mass fraction gradients at the wall to zero.

• For an isothermal equilibrium wall, the temperature is specified. The species mass fractions

are calculated based on the wall temperature.
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• For an adiabatic, non-catalytic wall, the mass fraction is found by setting the gradient at the

wall to zero. The temperature is found by setting the temperature gradient at the wall to zero.

This has the effect of making the heat flux to the wall zero.

• For an adiabatic, equilibrium wall, the wall conditions need to be calculated based on the

condition of zero heat flux from equation (2.33). Assuming the wall is normal to the x direction

this gives

As a first estimate, the the old values of the wall mass fraction are used to calculate the

species gradient. The above equation can then be used to iterate on the new wall tempera-

ture. An iteration method is required since the species mass fraction is a function of the wall

temperature.

With the wall temperature, mass fraction, and velocities known, only equation (2.55) for the

density at the wall needs to be solved. With the new wall density, the equation of state is used

to calculate the wall pressure. The definition of mass fraction is used to calculate the new number

densities. The total energy density at the wall is calculated from equation (2.25).

2.7.3 Subsonic Outflow Boundary Conditions

For the subsonic outflow, pressure waves can both enter and leave the computational domain

through the boundary. The wave, _1, that is entering the domain carries information into the

domain from the downstream conditions. The other waves, @2, @3, and @4, are leaving the system

and can be calculated from the interior grid points. The wave entering the system needs to be

estimated. Poinsot and Lele did this by specifying a constant pressure at infinity and calculating

the entering wave as43

@1 = K(p -Po¢) (2.78)

The constant, K, taken from Rudy and Strikwerde, 4s is given by

K - ac(1 - _2)
L (2.79)

where M is the maximum Mach number in the flow, L is a characteristic length such as channel

height or plate length, and a is a constant equal to 0.25. 43

For a viscous problem, there are additional viscous boundary conditions that are required. 4s

These viscous boundary conditions for a two-dimensional flow are that the derivative normal to the
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boundary of the tangentialshearstress,r_v and the normal heat flux,qz,are zero.These conditions

are implemented directlyintoequations (2.55- 2.58)when they are solvedto get the outflowfluxes.

The boundary conditionforthe speciesare obtained from simple extrapolationofthe mass fractions

forthe interior.

Calculatingthe outflowboundary conditionsusing the above methods works forsingleand mul-

tispeciesnonreacting flows.When the chemistry was turned on and the flow allowedto reactthe

outflow boundary conditionsbecame unstable when the flow was treated as two-dimensional. For

the one-dimensionalreactingcase the boundary conditionsdescribedabove were stable.To alleviate

the unstable problem the energy densityand mass densitywere extrapolatedat the outflowbound-

ary.The velocitieswere calculatedusingequations (2.56)and (2.57)so that the characteristicwaves

could be accounted for.The speciesmass fractionswere alsoextrapolated.One possiblereason for

the instabilityisthat the boundary conditionmodel was developed for a non-reacting,calorically

perfectgas.

2.8 Initial Conditions

The initialchannel configurationisshown in figure2.2. The channel is8.2 cm in length and

0.127 cm in width. The leftand bottom sidesare solidwalls.The top of the domain isa symmetry

conditionand the rightsideisan outflow.This simulatesa rectangularchannel that isclosedon one

end and open at the other.The symmetry conditionisused here sincethe gravitationalterms have

been neglected.Ifthe gravitationalterms were included,then the orientationofthe channel would

be important. Ifthe tube was horizontal,buoyancy effectwould distortthe flame and a symmetry

conditioncould not be used. Ifthe channel was vertical,then a symmetry could be used.

Startingat the closedend, the first0.3 cm isset to the adiabaticallyburned conditions.These

conditionscome from laminar flame theory that willbe discussedin section4.2. From 0.3 cm to

the end of the channel,the gas isat the unburned conditions.The valuesofthe propertiesin the

burned and unburned regionare given inTable 2.2.
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Table2.2:InitialConditions

Value Unburned Burned

T (K) 293 2344
p (dynes) 133322 133322
p (g/cm 3) 1.587 x I0 -4 1.984 x I0 -s
Y 1 0

u (cm/s) 0 0
v (cm/s) 0 0

0.127 cm

2
burned

z///////

CL I

I

I

I
unburned

I

I

I

I

i///////////////////////////////

_-_ 0.3 cm

I_.d= 8.2 cm 61
"-I

Figure2.2: Two-DimensionalChannelConfiguration

outflow

h,...=
iw,.--
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Chapter 3

Code Validation

The present chapter consists of three sections, each with various subsections. The first section

describes previous uses of the parallel code. The second section contains results for a non-reacting

flow. The third section incorporates the chemistry with the fluid dynamics.

3.1 Past Code Work

CMRFAST2D was used successfully in previous works. J. Weber 3s parallelized an Euler code and

added chemical reaction to study the two dimensional detonation wave problem using a hydrogen-air

chemistry. Y. Weber 49 added viscosity and thermal conductivity to the Euler code and calculated

the interaction of a reflected shock with a boundary layer in a shock tube. Piana s° added the effects

of mass diffusion to create a fully reactive Navier-Stokes code. Nguyen et al.51 used a non-reacting

version to study the interaction of a vortex with a boundary layer in a channel containing ribs.

3.2 Non-Reaction Code Validation

The non-reacting parts of the code were tested to ensure that they axe working properly. These

parts consist of the viscous, thermal conduction, mass diffusion, and Euler convection routines.

3.2.1 Gaussian Profile - Mass Diffusion

The convection, viscosity, and thermal conductivity are turned off. The pressure and tempera-

ture axe held constant at 100 tort and 293 K respectively, which fixes the mass diifusion coeificient

and global density. This reduces the governing equations to just the two species continuity equations.
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Table3.1: Gaussian Profile Parameters

Parameter Value

p 1.723 x 10-s (g/cm 3)

D 0.402 (cm2/s)

tl 0.15 (s)

nl 7.876 x I0 l_' (I/cm z)

Making use of Fick's Law and reducing to one dimension, equation (2.5) becomes :

Oni 02n_
m _- D_ (3.1)
Ot Ox 2

Initially, species 1 is deposited along the x axis from -0.1 to 0.1 at a value equal to the global

density, and is set to zero everywhere else. This species density spreads out due to the diffusion and

becomes Gaussian over time. The theoretical solution for the density profiles in time and space for

the Gaussian diffusion problem is given by: 52

¢-')-t ½ roy
n(Z,t) = 721 e (3.2)

In this equation, tl and nl refer to a reference state that occurs after the initial start of the diffusion

process. For this problem, the reference state was chosen at 0.15 s. The number density for the

reference state at x = 0 is nl = n(0, tl). Table 3.1 gives the values of the parameters used for

this calculation. Figure 3.1 shows the numerically generated Gaussian profiles versus the theoretical

values at 0.3 s and 0.5 s for the first species. The symbols represent numerical values and the lines

represent theoretical values. The cell size is constant at 0.02 cm. The code and theory agree well.

3.2.2 Heat Flow Problem - Thermal Conductivity

For this problem the viscosity, convection, and mass diffusion are turned off. The gas used was

air with a constant density of 1.548 x 10 -4 g/cm 3 which is based on a pressure of 100 torr and a

temperature of 300 K. The thermal conductivity was also set constant, at 2650 erg/cm-s-K, which

was calculated from Sutherland's Law s3 at 300 K. With these assumptions, the energy equation (2.4)

in one dimension reduces to :

_- = _x 2 (3.3)

This is the classical form of the heat conduction equation.

Initially, the temperature of the domain was constant at 300 K. Then the side at x = 0 was

increased impulsively to 600 K and held at that temperature. The classical solution of the conduction
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Figure 3.1: Gaussian Profiles for times 0.3 s and 0.5 s.

equation from Hildebrand s4 for these conditions reduces to :

T(x,t) = [71 +(T2+Tl) z] (3.4)

c_ Z n_X n2kt.
x [_"_ n, (T2 - Tt) sin --_--e- J

n=l

where TI = 600 K, T2 = 300 K, L = 1.0 cm, and k is given by :

Figure 3.2 shows the result of the integration for a time of 12.2 ms. The grid cell size is 0.016 cm.

The solid line is the theoretical value and the symbols are the numerical values. The summation in

the theoretical equation was taken to n = 600. The plot shows an excellent agreement between the

theoretical and numerical temperatures.

3.2.3 Stokes' First Problem- Viscosity

For this case, the convection, thermal diffusion, and mass diffusion are turned off. The density,

pressure, and temperature are all held constant. The viscosity coefficient is also held constant at

1.846 x 10 -4 g/cm-s, which is the value at 300 K from Sutherland's Law. ss The density is 1.548 x 10 -4
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Figure 3.2:Temperature Profileforthe One-Dimensional Thermal Conduction Equation.

g/cm 3. In one dimension, the momentum equation reduces to

au 4 a2u

= (3.5)

Initiallythe airinthe domain was at rest.Then at y = 0,the velocitywas impulsivelyincreased

to 600 cm/s and held atthisspeed. The classicalsolutionto thisproblem isgiven by Schlichtingss

as

N = e p(-,72)a,7 (3.6)

where Uo = 600 cm/s, and '7 is the norm_liT.ed length scale given by

Y (3.7)
'7= 2x/-_

Figure 3.3 shows the normalized calculatedvalues as compared to the classicalsolution.The

agreement isexcellent.The grid resolutionforthisproblem is0.006cm. An interestingresultofthis

problem isthat the boundary layerthicknessisproportionaltothe squarerootofthe product ofthe

kinematic viscosityand time,5 ocv_-i.This result,and the resultsforvaryingedge flow velocityin

Appendix A, willbe usefulin the discussionof the formationsofthe boundary layerin the channel.
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Figure 3.3: Normalized velocity profile for Stokes' first problem.

3.2.4 One Dimensional Shock Wave - Convection

For thiscase,the viscosity,thermalconduction,and massdiffusionareturnedoff.Thisreduces

the Navier-Stokesequationsto theEulerequations.A one dimensionalshocktubeproblemforair

was setup withan initialdiaphragm pressureratio,P4/Pz,of 120. The initialtemperaturewas

uniformat 300 K. The theoreticalsolutiontothisproblemcan be found inAnderson.ssFrom the

diaphragm pressureratio,thepressureratioacrosstheshock,P2/pz,can be calculatedfrom

p4 P2 (')'- 1)(0_/pz)- 1) (3.8)= 1- j2 [2 + 1) 7p -1)]

where theconditionsinregion2 arebehindthewaveand theconditionsinregion1areaheadofthe

wave. Once thepressureratioiscalculated,thedensityand temperatureratiosacrosstheshockare

calculatedfrom

T2
_ P'; / P2 (3.10)

T1 _ Pz
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Table 3.2: One-Dimension Shock Properties

Value Code Theory

P2/Pl 6.75 6.75

P2/Pi 3.26 3.25

T2/Tz 2.07 2.07

up 585.1 m/s 584.0 m/s

The piston velocity, up, is the velocity that the shock wave induces into the flow behind it. It is

calculated from

.,=o,(,- +,V-74C

Figure 3.4 shows the shock pressure ratio, density ratio _nd piston velocity. Table 3.2 gives the

calculated shock properties versus the theoretical calculated values. The grid resolution for the

numerical solution is 0.03 cm. As can be seen, all the code values compare to well with 1% of the

theoretical values.

3.3 Reacting Code Validation

For these tests the chemistry routine was active in the integration. The chemistry routine was

tested for a constant volume combustion and a one-dimensional detonation wave. The results for a

one-dimensional laminar flame will be presented in the next chapter.

3.3.1 Constant Volume Combustion - Chemistry Alone

For this case, the convection is turned off along with all the transport properties. The mass

density, p, and the total energy density, pet, are constants. The energy equation then reduces to

c_T! + qY! = c_Tz + qY_ (3.12)

The initial conditions for temperature and pressure were 500 K and 100 torr respectively. The initial

mass fraction, Y_, was set to 1. Assuming that the reaction goes to completion, Y! -- 0, the above

equation gives a final temperature of 3063.75 K. By using the perfect gas law, and the fact that

density is constant, the final pressure becomes 8.17 x 105 tort.

Figure 3.5 shows plots of the temperature and pressure versus time. The code generated final

values of temperature and pressure are 3063.75 K and 8.17 x 105 tort. These match the expected

values exactly. This test shows that the chemistry integration routine is working properly.
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Table 3.3: One-Dimensional Detonation Wave Properties

Values Theory Code % Difference

P2/Pl 19.04 18.30 3.89

P2/Pl 1.76 1.71 2.84

T21TI 10.83 10.70 1.20

up (m/s) 808.3 775.0 4.12

3.3.2 Detonation Wave - Chemistry and Convection

This case issimilarto the I-D shock wave done above except now the chemistry integration

routineisactive.The viscous,thermal conductivity,and mass diffusionare alldeactivated,leaving

activejust the chemistry and convectionroutines,and reducing the equations to the reactingEuler

equations. The initialconditionswere set up sirailarlyto the shock tube problem. A diaphragm

was placed at x = 6 cm with a pressureratioacrossthe diaphragm of150 and a temperature ratio

of4. Burned gas, Y = 0, was placed from 0 cm to 6 cm. Unburned fuel,Y = 1,was placed from 6

cm to the end ofthe tube. The solutionto the detonationwave problem can be found in numerous

combustion textbooks.2's,57,ss

The governing equations in one dimension forthe flowacrossa detonation wave are given as

plUl ---- p2u2 (3.13)

1 2 1 2
(3.14)+ = +

c_T1 +.lu_ +q = c_T2 + 2u_ (3.15)

The equation of state also holds on both sides of the wave.

p = pR, T (3.16)

The condition for a Chapman-Jouget detonation is that the velocity of the burned gas, region 2, be

at the local speed of sound.

u2 : a2 : V_R, T2 (3.17)

This equation (3.17) provides the closing relationship. Equations (3.13)-(3.17) provide five equations

for the five unknowns, P2, T2, P2, Ul, and u2. The known values in the problem are the conditions in

region 1, Pl, T1, Pl, the chemical energy release, q, which is defined in equation (2.20), the specific

gas constant, R,, and the ratio of specific heats, %

Figure 3.6 shows the computed pressure ratio, temperature ratio, and velocity of the detonation

wave at one time. The grid resolution for this case is 0.001 cm. Table 3.3 lists the calculated
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detonation properties,the theoreticalvalues,and the percent differencebetween the two. All the

numerically calculatedvaluesare within 5% of the theoreticalvalues.The plot of pressureshows

an initialspikebefore itrelaxesto the value of 18.30.At the time shown, the spikehas a pressure

ratioof43.9 and corresponds to the von Neumann spikeas discussedin Kuo 2 and Williams.ss The

calculatedvalueofthe von Neumann spike,determined as discussedinWilliams,ssisfound to be 37.

The numerical value ofthisspikeis18% greaterthan the theoreticalvalue.The magnitude ofthe

spikechanges in time but isalways greaterthen the theoreticalvalue.The longitudinalwaves seen

in the solutionsare a property of "galloping"detonations.3s For one-dimensional detonations,the

shock frontoscillatesas a resultofthe detonation propagating intounreacted gas. The oscillations

inshock strengthcaused the propertiesbehind the shock tooscillateaswell,causingthe longitudinal

waves.
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Chapter 4

One-Dimensional Flame Results

4.1 Overview

A series of one dimensional flame simulations were performed to evaluate the chemistr$ model

with the convective and all the transport properties active. A comparison of the calculations with

the laminar flame theory is shown. This theory is described in the next section. A grid study was

performed to evaluate the dependence of the gridding on the flame speed and flame thickness. The

transport properties were _ried to compare the results to the general trends as provided by theory.

The initial conditions are the same as the initial conditions described for the two-dimensional channel

in section 2.8. For this case though, a symmetry condition is applied at the bottom boundary to

create a one-dimensional configuration. The initial conditions are provided in table 2.2.

The general trends for the flow properties through a one-dimensional flame are sho_-a in Fig-

ure 4.1 from Kanury. 59 In the figure, the flame is moving to the right into a stagnant gas. As

the flame propagates into the unburned stagnant gas, the temperature increases and the density de-

creases. The pressure slightly decreases, which is the basis for may numerical flame studies occurring

at an assumed constant pressure.

4.2 Laminar Flame Theory

Laminar flame theory provides a means to estimate the flame speed, which is defined as the speed

of the flame relative to the flow ahead of it. It also allows the estimation of the flame thickness. The

detailed theory of Zeldovich and Frank-Kamenetskii s°-_2 and Semenov e3 is described in Appendix C.
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Figure 4.1: General trends across a 1-D flame, from Kanury 59

From the theory, the resulting equation for the laminar flame speed is

where I is the reaction rate given as

I = wdT (4.2)

According to Kuo, 2 this formula doesn't give very accurate results, but it does predict the trends

well. One of these trends is that the flame speed is proportional to the square root of the thermal

conductivity, SI ¢x v_. Another result from the theory is that for an adiabatic flame, the enthalpy

across the flame is constant. This can be used to relate the temperature in the burned region to the

temperature in the unburned region.

Tb-T_
lit

(d'_x)rna=

From this method, the flame thickness can be estimated from the laminar flame speed as

cpTb = c_T_, + q (4.3)

c_Tu + q = c_T + qY (4.4)

Turns e4 outlines a method from Spalding 65 to calculate the laminar flame thickness, defined by

(4.5)

Jt---- _ (4.6)
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Since the flame speed is proportional to the square root of the thermal conductivity, this equation

shows that the thickness is also proportional to the square root of the thermal conductivity, 6t _ x/k.

4.3 Standard Case

For the firstcase the computational cellsizewas setat a constant 0.001 cm, which willbe shown

laterto give about 20 cellsin the 1D planar flame thickness.The transport propertieshad allthe

referencecoefficientsequal,as given by Table 2.1,so that Le = Pr = 1. The actual Lewis number

for a stoichiometricacetyleneand airmixture is 1.02 at 298 K and 100 tort. The actual Prandtl

number under those same conditionsis0.75. Figure 4.2 shows the computed temperature, velocity,

and fuelmass fractionprofilesthrough the flame. Figure 4.3 shows the density,chemical energy

release,and pressurethrough the flame. The trends show by these figuresfor the one-dimensional

flame match the generaltrends as shown in Figure 4.1 from Kanury.s9 As the flame propagates,it

induces flow ahead of it. The flowahead of the flame reaches a steady condition at a velocityof

913 cm/s, relativeto fixedcoordinates.The pressurecurve slightlyincreasesahead ofthe flame,on

an order of0.05% which isconsistentwith the assumption that ismade in laminar flame theory of

constant pressure.

From the temperature profile,the ratioof the temperature of the burned to unburned material

is8.01.From theory,the enthalpy acrossthe flame isconserved and isgiven by equation (4.3).The

righthand side of the equation isevaluated in the unburned gas, where Y = Y_ = 1, and T =

T_ = 293K. Using the definitionofthe chemical heat release(2.20),and noting that the reference

temperature isequal to the unburned gas temperature,Tr = T_, the theoreticaltemperature ratio

acrossthe flame is

Tb
= 8 (4.7)

This theoreticalvalueisvery closeto the 8.01 obtained numerically.

Figures 4.4 and 4.5 show the flame positionand velocityin the laboratory or fixedframe of

reference.The flame velocity,SF, approaches 1044 cm/s relativeto fixedcoordinates.The laminar

flame speed is defined as the speed of the flame relative to the flow ahead of the flame

SL ----SF -- uu (4.8)

This gives a laminar flame speed of 1044 - 913 = 131 cm/s.

An alternate method of finding the laminar flame speed is to apply conservation of mass to a

control volume containing the flame. Transforming the moving flame to stationary coordinates by
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subtractingthe flame velocity,the continuityequation becomes

pb(S_"--Ub) = p_,(SF--u,,) (4.9)

Using equation (4.8)to replaceSF as SL + u_,,solvingforthe laminar flame speed, SL, gives

_L _ Uu -- Ub
(Pu/Pb) - 1 (4.10)

Since the pressure is nearly constant, and the temperature ratio across the flame is 8.01, the density

ratio P=/pb, is also 8.01 from the equation of state (2.14). Then from equation (4.10), the laminar

flame speed is calculated as 130.2 cm/s, a value very dose to the computational value of 131 cm/s.

The laminar flame theory, described in the previous section, provides an equation to calculate

the laminar flame speed. This equation is reproduced below.

The I term isfound from equations (C.4)and (4.2).Aftersubstitutingthe densityfrom the equation

ofstate,(2.14),and the mass fractionfrom equation (4.4),the integralbecomes

The theory assumes a constant value of the thermal conductivity. The present computation

allows the thermal conductivity to be a function of temperature, as given by equation (2.27). To

evaluate equation (4.11) for the laminar flame speed, an average value of temperature was used to

determine the thermal conductivity. Using an unburned gas temperature of 293 K, the theoretical

value of the burned gas temperature is 2344 K, as determined from equation (4.7). This results in

an average temperature of 1319 K, which is used to calculate the thermal conductivity. Evaluating

the integral, I, numerically using a pressure of 100 torr, the theory gives a laminar flame speed of

103 cm/s. This value is 27% off from the value determined computationally. Kuo _ states that the

theory does not give very accurate results, but does predict the general trends that flame speed is

proportional to the square root of the thermal conductivity.

The laminar flame thickness is another important property of the flame, defined in equation (4.5)

and shown again as

_t = Tb- T_
(d'T/d.z),n,,, (4.13)

Evaluating this expression from the temperature plot gives a flame thickness of 0.023 cm. For the

cell size of 0.001 era, this gives 23 cells in the flame thickness. From laminar flame theory, equation

(4.6) provides a formula for calculating the thickness. This formula relates the flame thickness to
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Table4.1:One-dimensional Flame Properties

Si (cm/sec) (cm) T iTo
CMRFAST2D 131 0.023 8.01

Khokhlov et al.3? 144 0.022 8.00

Theory s't 103 0.024 8.00

Experimental37, 66 150 _0.020 NA

the thermal conductivity and the flame speed. Using the values from the calculation of the flame

speed, the theoretical value of the flame thickness is 0.024 cm, a 4.2% difference from the computed

value.

Table 4.1 compares the values of the flame speed, thickness, and temperature ratio obtained from

the computed results using CMRFAST2D, separately computed results of Khokhlov et al.,3? the

experimental values s?'66 which the chemistry model was based on, and the theoretical results. The

two computed results agree well with each other and with the experimental results. The theoretical

results are the furthest from the three other results, but as stated above from Kuo, 2 the theory

provides the trends, but is not very accurate.

4.4 Transport Property Test

These tests compare computations of the laminar flame with the transport properties, pr, kr,

and Dr, halved and doubled, so that the Lewis and Prandtl numbers were always unity. The goal of

these tests is to show the response of the flame to a change in the thermal conductivity. Figure 4.6

shows the temperature, velocity, and mass fraction profiles for the two cases. Shown for comparison

is the results for the standard case flame. The x axis was repositioned so that all three cases could

be plotted in the same figure. This was done by defining x = 0 as the point where the maximum

value of the temperature derivative, (dT/dz)=_z occurred.

The temperature profiles shows that the ratio of burned to unburned gas temperature is essen-

tially unaffected by the thermal conductivity. This is because the ratio is a function of chemical

parameters, as shown in equation (4.3). The ratio is independent of the thermal conductivity. This

is also true of the mass fraction profiles.

The velocity profiles show that when the thermal conductivity is doubled the velocity increases

and when the thermal conductivity is halved the velocity decreases as compared to the standard

case described in the previous section. To obtain the flame speed, the continuity method as given by

equation (4.10) can be used. These values along with the flame thickness as determined by equation
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Table4.2: Laminar Flame Speed and Thickness Variations with Thermal Conductivity

k 2k V_(k value) k/2 (k value)/v_

St (cm/s) 131 194.4 185.3 90.7 92.6

6t (cm) 0.023 0.032 0.033 0.016 0.016

Table 4.3: Grid Study Flame Thickness and Velocity

cell size (cm) St (cm/s) St (cm)

0.0010 131 0.023

0.0015 131 0.023

0.0020 128 0.025

0.0030 125 0.030

0.0040 125 0.036

(4.5) are shown in Table 4.2.

The laminar flame theory described in the previous section shows that the flame thickness and

speed are directly proportional to the square root of the thermal conductivity. From equations (4.1)

and (4.6), this is shown as

St o_ _ (4.14)

_t _ v_ (4.15)

If the thermal conductivity is doubled, 2k, the laminar flame speed should increase by (v_)(131) =

185.3, which is within 4.9% of the calculated value. Similarly, when the thermal conductivity is

halved,k/2, the flame speed should decrease to (131)/(v_) = 92.6, which is within 2.1% of the

calculated value. The same trends are true for the flame thickness which for both cases are nearly

identical to the calculated values.

4.5 Grid Study

For these test cases the cell size was increased to study the effect of the gridding on the results

obtained above. Figure 4.7 shows the temperature, velocity, and mass fraction for five cell sizes

ranging from 0.001 cm to 0.004 cm. Table 4.3 gives the calculated flame thicknesses and the laminar

flame speed. The maximum error in flame speed is 4.6%. The errors for the flame thickness range

from 8.7% at 0.002 cm to 56% at 0.004 cm.

The simulations for the two-dimensional channel flame use a cell size of 0.002 cm in the lengthwise

direction. This allowed about 13 cells in the flame thickness area. The decreased accuracy for this
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cellsize,2.3% inflame speed and 8.7% in thickness,isoffsetby the increasedstep sizedand domain

sizeincreasesforthe same number ofcells.
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Chapter 5

Two-Dimensional Channel Results

This chapter describes the results for the two-dimension channel configuration. The wall bound-

ary conditions for both an adiabatic and an isothermal wall will be discussed. For all cases, the

boundary condition for the species at the wall is noncatalytic.

5.1 Adiabatic Wall : Planar Ignition

For these studies, the boundary condition for the temperature at the wall is adiabatic. The

ignition method is described in section 2.8 : a discontinuity in temperature, species mass fraction,

and density located 0.3 cm from the end wall of the tube. Table 5.1 lists the flame simulations that

were performed. In the table, h is the channel height, pr and Dr are the reference values for the

transport properties from equations 2.26 and 2.29, Re is the Reynolds number, and Le is the Lewis

number. The reference Reynolds number is based on the laminar flame speed, channel height, and

kinematic viscosity in the unburned gas. For all the simulations the reference value for the thermal

conductivity, kr, is kept constant.

Table 5.1: Adiabatic Wall Studies : Planar Ignition

Case h(cm) _rxl0 -s Drx10 -8 Re Le

ADI 0.254 2.439 2.439 76.2 1.0

AD2 0.254 4.878 2.439 38.1 1.0

AD3 0.508 2.439 2.439 152.4 1.0

AD4 0.254 2.439 1.951 85.2 0.8
AD5 0.254 2.439 2.927 69.6 1.2
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5.1.1 Case AD1 : Baseline

This firstcase isthe baselinecase that willbe used for comparisons. The channel aspectratio,

lengthto height,is32.2.Figure 5.1 shows the temperature profilesfor the first0.6 ms. The initial

conditionisa discontinuityoftemperature, density,and mass fraction,as describedin section2.8.

From thisdiscontinuityintemperature,a flame develops. As the flame forms and beginstopropagate

down the channel,the wall inhibitsthe flame motion. The resultisthat the flame at the centerline

of the channel moves fasterthan near the wall,resultingin the structureshown in Figure 5.1. In

time,the curved portionofthe flame near the wall grows longer.By 0.607 ms, thiscurved portion

isabout 0.3 cm long.

Figure 5.2 shows the flame positionas a function of time at two positionsin the tube: the

centerlineand the wall. The positionof the one-dimensional flame (shown in Figure 4.4) isalso

shown for comparison. The flame positionisdefinedas the locationin the flame frontwhere the

temperature is1000 K. The flame positionat the centerlinecloselyfollowsthe positionforthe one-

dimensional flame for approximately 0.3 ms and then itbecomes larger.The positionof the flame

at the wall isinitiallylessthen the one-dimensional result,but by about 0.55 ms italso isgreater

than the one-dimensionallocation.Figure 5.3 shows the flame velocityrelativeto the laboratory

for the flame at the centerlineand the wall, and these are compared to the velocityfor the one-

dimensional flame (alsogiven in Figure 4.5). The flame speed has greatlyincreasedover that of

the one-dimensional flame. The one-dimensional flame reaches a constant velocity,but both the

two-dimensionalcenterlineand wall flames are stillincreasingat the end ofthe channel.

Figures5.4- 5.11 show the temperature (T), density (p),vorticity(co),pressure(p),velocityin

the x direction(u),velocityin the y direction(v),velocityvectors,and instantaneousstreamline

patternsuperimposed on the temperature contours at times of 0.433 ms, 0.758 ms, 1.104 ms, and

1.450ms. The vorticityisdefinedas twice the angular velocityand isgiven by

Ov Ou
co = (5.1)

oz o_

These results are shown on the same scale to facilitate comparisons at the different times.

The temperature profiles maintain the curved shape shown in Figure 5.1. By 1.450 ms, the

curved flame has grown to be nearly 1.5 cm long. The flame thickness in the curved region and near

the centerline are approximately the same, they only appear different due to the different scaling of

the x and y axes. The shape of the density contours closely follows the shape of the temperature

contours, because the pressure is nearly constant through the flame. The mass fraction profiles are

not shown since, for adiabatic conditions, those profiles also resemble the the temperature profiles.
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This can be shown by solving equation (4.4) for the mass fraction Y, and substituting in equation

(4.3) to find

Tb - T

Y = Tb---T_ (5.2)

On Figure 5.4, the pressure slightly increases near 2.5 cm and this extends to about 3 cm. This

is due to a reflected wave caused by the initial pressure wave reaching the outflow boundary and

reflecting back into the domain.

The u velocity shows that the speed of the gas in the unburned region increases in time. The

v velocity shows that there is an upwelling at the wall in the curved-flame region. The maximum

v velocity in this upwelling region remains essentially constant as the flame moves down the entire

channel. The explanation for this upwelling lies in the observation that the material expands as it

burns. The burned material cannot move downward because of the solid wall, and it cannot move

backward, as it is being blocked by the previous burned material. The only direction for the material

to expand is forward toward the outflow end of the channel. The burned material near the lower wall

is restricted in moving forward because of the boundary layer ahead of the flame. The material that

burned near the lower wall that is unable to move forward must then expand upwards toward the

centerline. The material flows upwards behind the the flame, turns at the centerline, and provides

additional momentum to the center of the flame.

The instantaneous streamlines, or fluid paths, are plotted with the temperature contours to

show the streamlines relative to the flame location. These figures show the flow upwelling and then

turning toward the outflow boundary. The highest _ues of vorticity occur in the boundary layer.

There is relatively little vorticity behind the flame and near the centerline of the channel, most of

the vorticity occurs in the boundary layer and along the curved flame surface.

Figure 5.12 shows the evolution of the boundary-layer thickness along the channel in front of

the flame. The times in the figure are about 0.2 ms apart. The boundary, layer thickness, 599, is

defined as the vertical height above the wall where the u velocity reaches 99% of the centerline value.

At a given location, the boundary-layer grows in time until the flame reaches that location. As the

flame moves over that location it destroys the boundary layer. Initially the boundary-layer thickness

grows rapidly and then this growth rate slows. The centerline velocity, Figure 5.14, shows that the

fluid velocity in the unburned gas accelerates as the flame moves down the channel. At 0.217 ms

the centerline velocity drops to zero at about 7 cm. This is because this is the furthest point that

the initial pressure wave, traveling at the local sound speed, has reached. Ahead of this location, at

this time, the gas is unaware of the developing flame.

Figure 5.13 shows the displacement thickness in front of the flame for various times. The dis-

placement thickness represents the distance that the inviscid freestream is displaced from the wall
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due to the decrease in velocity in the boundary layer. It is defined as

]6" = 1 _
Jo (_-_h/2 dy (5.3)

This plot is similar to the boundary layer thickness but it shows that the displacement thickness

levels off more quickly, to a value close to 0.017 cm. The small displacements in the profiles at 0.433

ms and 0.650 ms represent the reflection of the initial pressure wave from the outflow boundary and

the reflection of the reflected wave from the flame front. This is also seen in the centerline velocity

discussed in the previous paragraph.

Fig_tres 5.15 and 5.16 show the boundary layer growth at different channel locations. The time,

tz, is the local time at a channel location, x. This is defined as the time starting from when the

initial pressure wave, traveling at the local speed of sound in the unburned gas, has reached that

point. The local time, tz, is calculated from the global time ,t, as

(x - 0.3)
tz -- t _ (5.4)

The 0.3 is needed since the initial high temperature region used to initialize the flame was located

up to 0.3 cm, so this is where the initial pressure wave is formed.

Examining these figures, the boundary layer growth curves at different channel locations collapse

onto the same curve for times greater than about 0.3 ms, becoming seLf-similar. The solid line in

both figures gives the theoretical results from Stokes' First Problem discussed in section 3.2.3. From

White, 53 the boundary layer thickness for this problem is given by

_99 = 3.64 uVf_'_u_ (5.5)

In the theory, it was assumed that the freestream velocity and kinematic viscosity, v_, are constant.

Using equation 2.26, the kinematic viscosity is given as

P .r fT_ 0"7= - = -- (5.6)p p

The theoretical value of the boundary layer thickness was calculated _-ith the kinematic viscosity

held constant at a value based on the unburned gas conditions.

The boundary layer growth initially follows the theory, but it then slows its growth. This is due

to two effects acting together. The primary cause for the deviation is that the centerline velocity

is not constant (Figure 5.14), but increases in time for all channel locations ahead of the flame.

Figure 5.17 gives the centerline velocity ahead of the flame for the local time at selected channel

locations. After about 0.2 ms, the curves for the centerline velocity have a similar shape, which gives

similar accelerations at a given channel location at the same local time. The acceleration of the flow
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causesthe boundary layerthicknessto decreasefrom that predicted by Stokes'FirstProblem. This

isshown in Appendix A for three differentaccelerations.It isthe accelerationof the centerline

velocitythat isthe primary cause ofthe slowerboundary layergrowth.

The secondary cause ofthe slowergrowth isdue to the change inthe kinematic viscosityin the

unburned gas. For the theory,itwas assumed thatthe kinematic viscositywas constantat the initial

conditionsofthe unburned gas. The pressurewaves that are generated as the flame propagates down

the channelcause a decreaseinthe valueofthe kinematicviscosityinthe unburned gas. The pressure

wave increasesthe temperature and densityabove the initialvalues.The relativeincreaseindensity

isgreaterthan the relativeincreasein temperature (shown in Appendix B). By equation 5.6,the

greaterriseindensitylowersthe kinematicviscosity.Since the boundary layergrowth isproportional

the square rootof the kinematic viscosity,a lowervalue givesa slowerboundary layergrowth.

5.1.2 Case AD2 : Effects of Increased Viscosity

This second case has initial conditions identical to case AD1 described in the previous subsection.

The aspect ratio of the channel is the same, 32.2. The reference coefficient for the viscosity is

doubled, since the viscosity controls the growth rate of the boundary layer. By doubling the reference

coefficient, the Reynolds number based on laminar flame speed is halved.

The development of the flame from the initial conditions is similar to the development in the first

case, Figure 5.1. The flame forms from the discontinuity in temperature and starts to propagate

down the channel. The wall inhibits this motion and a curved flame develops.

Figure 5.18 shows the flame position as a function of time for the channel centerline and wall.

Figure 5.19 shows the velocity of the flame relative to laboratory coordinates. From these two figures

it can be seen that the flame is faster then in the case AD1 and therefore exits the channel earlier.

By 1 ms, the flame has reached 1 cm further down the channel and is moving 3000 cm/s faster than

the first case.

Figures 5.21 and 5.22 show the temperature, density, pressure, vorticity, velocities, and instan-

taneous streamlines at a time of 1.100 ms. This time is very close to the time of 1.104 ms in

figures 5.8 and 5.9 for case AD1. Both sets of figures are also in the same scale to facilitate com-

parisons. Examining these two sets of figures shows that the flame has moved further down the

channel then in the first case. Comparing the temperature plots, the length of the curved region

of the flame near the wall has increased for the second case. Figure 5.20 shows the length of this

curved region for the two cases, Ax/. This length increases faster for the doubled viscosity case.

The added length provides more burned material in the fountain effect, which in turn gives a greater

push to the flame. This is what accelerates the flame faster then in the first case which has less of

55



a curved flame region at the wall.

Figure 5.23 shows the evolution of the boundary layer thickness in front of the flame. The times

shown are similar to the times in Figure 5.12 for comparisons. Comparing these two figures it can

be seen that the boundary growth is greater for the higher viscosity case, as is to be expected.

Figure 5.24 shows the time history of the displacement thickness along the channel. The plot

is qualitatively similar to Figure 5.13 in case AD1, but the magnitudes are greater. Both the

displacement and boundary layer thicknesses have grown thicker in less time, providing a greater

blockage to the flame induced flow, which also adds to the increased fluid velocity ahead of the flame.

Figure 5.25 and Figure 5.26 show the boundary layer growth at different channel locations at

the local time, tz. The boundary layer growth is again seen to become self-similar in local time but

the deviation from theory is greater then was shown for case AD1. This greater deviation is caused

by the greater acceleration of the flow. Figure 5.27 shows the velocity in the channel for different

times. Comparing this to case AD1, Figure 5.14, the velocity is seen to be faster at a given time.

Figure 5.28 shows the velocity at different channel locations for local time. The velocity curves are

similar in shape after about 0.2 ms, which leads to similar accelerations at a given channel location

for the same local time.

5.1.3 Case AD3 : Effects of Increased Channel Height

For this case, the channel height is doubled, to 0.508 cm. This has the effect of doubling the

Reynolds number, to 152.4, and halving the channel aspect ratio, to 16.1. The initial conditions

are identical to case AD1, described in section 5.1.1. The reference coefficients for the transport

properties are the same as case AD1.

Figure 5.29 shows the temperature profiles for the first 0.6 ms from a flame forming at the initial

temperature discontinuity located at 0.3 cm. The times shown are similar to the times in figure 5.1

for the first case. Comparing the two figure shows that the flame in AD3 has not moved as far down

the channel in the same amount of time. Figure 5.30 shows the position of the flame versus time.

The flame position is defined as the location of the 1000 K isotherm. Now the flame takes about 2.6

ms to move out the end of the channel, as opposed to about 1.5 ms for the first case. Figure 5.31

shows the velocity of the flame relative to laboratory coordinates. The flame is slower moving than

case AD1, which accounts for the longer time to reach the end of the channel.

A second interesting feature shown in figure 5.29 is the formation of a bulge at the flame front

that begins near the lower wall and moves upward towards the channel centerline in time. The

vertical location of the furthest downstream point of the flame front is shown in figure 5.32. By the

end of the channel, the vertical height of the bulge has moved to about 0.165 cm, or a little over half
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the distanceto the centerline.This bulge createsa flame that bends back at the centerline,forming

a cusp. Since the bulge ismoving upwards, the cusp forms,grows, and then begins to disappear.

This isshown in figure5.33,which givesthe horizontaldistancesbetween the positionofthe flame

front at the centerlineto the positionofthe flame frontat the wall,the positionat the the bulge

to the wall,and the positionat the bulge to the centerline.For comparison purposes, the distance

from the centerlineto the wall for the firstcase,AD1, isalsoshown. The cusp, or the bulge to

centerlinedistance,forms,grows to a maximum at about I ms, and then beginsto disappear.This

figurealsoshows that the curved flame frontnear the wall (bulgeto wall distance)isnot as long as

in case AD1. Sincethisregioniswhere the upwellingoriginatesfrom, a smallerregionprovidesless

upweUing which provides lessadditionalmomentum to the flame.

Figures 5.34 - 5.41 show the flowfieldpropertiesat times of 0.541 ms, 1.061 ms, 1.601 ms,

and 2.121 ms. All the figuresare plottedin the same scalefor comparison purposes. Due to the

increasedomain heightthough, the scaleisnot the same as the relatedfigurefrom case AD1. The

temperature and the densityplotsshow the formation ofthe bulge and ofthe cusp at the centerline.

The bulge moves upwards intime as the cusp grows and then shrinksin size.The pressureplots

show the initialwaves moving out from the flame. The pressurechange at latertimes isabout 0.1%.

The vorticityshows that the highestvaluesoccur inthe boundary layerand along the flame surface,

which iswhere the flow curvatureisthe highest.

The velocityplotsshow how the bulge forms. In figure5.35 the curved flame frontnear the wall

isshort.There isthereforea small amount of upwelling.This small amount of upwelling provides

additionalmomentum to the flame that iscloserto the wall then near the centerline.The flame at

the centerlinereceiveslessadditionalmomentum and moves more slowlythen the flame closerto

the wall,producing a bulge.As the flame propagates,the curved flame regionnear the wall grows

longer and itproduces more upwelling which isdistributedover more of the flame surface. The

bulge moves upwards as the push isfeltover a greaterarea of the flame surface.The cusp at the

centerlinebeginstoshrink.As time increases,the upwellingreachesthe centerlineand isdistributed

over the entireflame surface.By the end of the channel,the bulge isabout 0.035 cm ahead of the

centerline,about 1½ laminar flame thicknesses.

Figure 5.42shows the time evolutionofthe boundary layerthicknessalong the channel ahead

of the flame. Figure 5.43 shows the displacement thicknessalong the channel. Compared to the

thicknessesin case ADI (figures5.12,5.13),the boundary layerhas grown thickerfora given time.

Figure 5.44shows the centerlinevelocityprofiles.Compared to case AD1, (figure5.14),the velocity

isless.The smallerfootcauseslessof an upwellingwhich gets distributedoverthe largerflame area.

This resultsin lessofa momentum push tothe flame which givesa lower accelerationand therefore
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a slowervelocity.With the lower acceleration,the boundary layercan grow thickercompared to the

firstcase. A secondary effectwhich acts to lower the accelerationcomes from the blockage effect

of the boundary layer.As the boundary layergrows, the effectivechannel height decreases. Even

though the boundary layeris thicker,the relativedecrease in the channel height islessdue the

increasedchannelheight.

Figures5.45 and 5.46 shows the boundary layergrowth relatedto the localtime. The localtime

was definedin equation 5.4 as the time startingfrom when the initialpressure wave firstreaches

that point ofthe channel. As with the previous two cases,the boundary layergrowth becomes self-

similarinlocaltime. The comparison to the solutionof Stokes'FirstProblem, 699 = 3.64ux/-_u_,is

betterthen the previous cases.This isdue again to the lower acceleration.Stokes'solutionassumed

zero acceleration.This case has an accelerationthat was lower then the previous two cases,so the

comparison isbetter.

5.1.4 Case AD4 : Effects of Decreased Mass Diffusion

This casehas a channel geometry the same as caseADI. The channel aspect ratiois32.2.This

case has the referencecoefficientforthe mass diffusiondecreasedso that the Lewis number decreases

to 0.8.The Lewis number was definedas the ratioofthe mass diffusivityto the thermal dilfusivity,

and was given inequation 2.30. The Lewis number was decreased,sinceaccording to Glassman, sT

flames instabilitiesmay occur forLewis number not equal to unity.From laminar flame theory,the

laminar flame speed isrelatedto the Lewis number by

& _ (5.7)

Compared to the laminar flame speed from the first case, AD1, this flame will have a higher flame

speed, about 1.12(Sz)AL)I. For this case no flame instabilities were present even though the Lewis

number was less then one.

The initial development of this flame from the planar discontinuity is very similar to the first

case, as shown in figure 5.1. As with the first case, no cusp forms at the centerline as occurred in case

AD3. Figures 5.47 and 5.48 shows the flame position and velocity relative to laboratory coordinates.

The flame exits the channel at a slightly earlier time as compared to the first case, about 0.02 ms

earlier, and has accelerated to a slightly higher speed, about 160 cm/s higher.

Figures 5.49 and 5.50 show the temperature, density, pressure, vorticity, velocity components,

and instantaneous streamlines at a time of 1.172 ms. The figures show that the flame resembles the

basic structure that was seen in all the previous cases. The flame is curved near the lower wall which

produces the upwelling, which drives the flame faster down the channel. The pressure waves that
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aregenerated by the flame are planar and move out ahead of the flame toward the outflow. The

vorticity is concentrated in the boundary layer and along the flame surface, since these are where

there is flow curvature.

Figure 5.51 shows the evolution of the displacement thickness along the channel. The times are

similar to the times in figure 5.13 for comparisons. Figure 5.52 shows the boundary layer thickness

along the channel and figure 5.53 shows the how the centerline veloci_" increases in time as the flame

accelerates down the channel. These three figures are all qualitatively similar to the boundary layer

profile plots of the first case. Figures 5.54 and 5.55 give the boundary layer growth at different x

locations for varying local time. As with the other cases, the results are self-similar due to the similar

slopes of the centerline velocities in local time as shown in figure 5.56. Due to the acceleration, the

boundary layer growth is less than predicted by Stoke's First Problem.

5.1.5 Case AD5 : Effects of Increased Mass Diffusion

This case again has a channel geometry the same as case AD1, _ith a channel aspect ratio

of 32.2. The reference coefficient for the mass diffusion was increased so that the Lewis number

increased, Le > 1. Compared to the laminar flame speed from the first case, this flame will have a

lower speed, about 0.91(SZ)AD1. The initial development of the flame from the planar discontinuity

is very similar to the first case, AD1. As with the case in the previous section, no centerline cusp

appears in the flame. Figure 5.57 shows the flame position in time. Figure 5.58 gives the flame

speed relative to laboratory coordinates. The flame exits the channel at a slightly lesser time then

the first case and is travehng at a slightly lower speed.

Figure 5.59 and 5.60 show the flowfield properties for this flame at 1.284 ms. The basic structure

of the flame resembles the flame in the previous section and for case AD 1. The upwelling at the wall

provides the added momentum push to the flame at the centerline which accelerates it down the

channel. Figure 5.61 and 5.62 show the displacement thickness and boundary layer thickness growth

in time along the channel. Again the results are similar in shape to the first case. Figure 5.63 and

5.64 show the growth of the boundary in local time at selected channel locations. The curves for the

different channel locations are self similar in local time and fall below Stokes' First Problem due to

the flow acceleration.

5.1.6 Comparisons of the Planar Ignition Cases

Figure 5.65 shows the evolution of the relative flame area in time for the five planar ignition cases.

The relative flame area is the flame surface area, defined as the length of the 1000 K isotherm, divided
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bythechannelcross-sectionalarea.Since the simulations were two-dimensional, a unit length into

the page was assumed. Figure 5.66 shows the evolution of the flame speed relative to laboratory

coordinates. Figure 5.67 gives the evolution of the boundary layer thickness at the 8 cm location.

Also shown on this figure is the theoretical solution of Stokes' First Problem. Comparisons will

made relative to the first case, AD1.

The second case, AD2, has the viscosity doubled. The increased viscosity causes the boundary

layer to grow thicker for a given amount of time. This thicker boundary layer causes the curved

area near the wall to be longer which leads to a larger flame area. The larger flame area burns

more material which provides greater additional momentum. The greater additional momentum

accelerates the flame faster which causes the boundary layer to grow slower then predicted by

Stokes' First Problem.

The third case, AD3, has the channel height doubled. The relative burn area is lower at a given

time then for any of the other cases. This lower burn area provides less of a push from the expanding

burned material. This lower momentum push causes the flame to move slower. Since the flame has

less acceleration, the boundary layer growth more closely matches that from Stokes' Problem. Even

though the boundary layer growth is greater in time then the first case, it has less of an effect on

the flow due to the increased channel height.

The fourth and fifth planar ignition cases, AD4 and AD5, have the channel height and viscosity

the same as case AD1 but the Lewis number has been changed. The fourth case has the Lewis

number lowered and the fifth case has the Lewis number raised. For both of these cases, the burn

area and flame speed are close to the first case, with AD4 being slightly higher and AD5 being, for

the most part, slightly lower. The higher flame speed for case AD4 leads to a higher acceleration

which leads to it being slightly below the curve for AD1 in figure 5.67. Case AD5, which has a

lower acceleration is slightly above case AD1 in that figure. Due to the acceleration though, both

are below the curve for Stokes' Problem.

Figure 5.68 shows the flame speed plotted against the relative flame area. The relative burn area

is defined as the ratio of the surface area of the flame front, A f, to the channel cross-sectional area,

Ac. The curves for all cases fall nearly on top of each other. Using a control volume fixed to the

moving flame, the continuity equation reduces to

pb(SF -- ub)Ac = p_(SF -- u_)AI (5.8)

Assuming that the burned gas velocity is zero, using equation (4.8) for the definition of the laminar

flame speed and the equation of state (2.14), equation (5.8) becomes 6v
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Table 5.2: Adiabatic Wall Studies : Spark Ignition

Case h (cm) Re Le

AS1 0.254 76.2 1.0

AS2 0.508 152.4 1.0

This equation states that the flame speed, relative to the laboratory, is directly related to the ratio

of the flame area to channel cross-sectional area. In the above equation, both the temperature ratio

and laminar flame speed are functions of the Lewis number. The relationship between the laminar

flame speed and Lewis number was given by equation (5.7). According to Zel'dolvich, e_ an increase

in Lewis number causes an increase in the temperature ratio and a decrease causes a drop in the

ratio.

For cases AD1 - AD3, the Lewis number was unity. The temperature ratio is found from equa-

tion (4.7) to be 8 from theory. Using the laminar flame speed of 128 cm/s from table 4.3, the

theoretical slope for the first three cases is 1024. Performing a least squares fit, es assuming a zero

intercept, gives a slope of 1083, a 5.8% difference from the theoretical value. Part of the difference

could come from the error associated with the calculation of the speed from the position data. Also

the theory assumes an inviscid flow, but for all these cases the viscosity was non-zero.

For case AD4 the Lewis number was decreased to 0.8. This has the effect of increasing the

laminar flame speed and decreasing the temperature ratio. Using an estimation of the laminar flame

speed of 143 cm/s, 1.12(SI)AD1, and a temperature ratio of 7.8, the slope is 1116. Curve fitting the

data, a slope is 1101, a difference of 1.4%. For case AD5 the Lewis number was raised to 1.2 and the

effect was reversed, the laminar flame speed was increased and the temperature ratio was lowered.

Using a laminar flame speed of 117 cm/s and a temperature ratio of 8.4, the theoretical slope is 982.

From the curve fit the slope is 1069, a difference of 8.1%.

5.2 Adiabatic Wall : Spark Ignition

For all of these studies, the wall boundary condition is adiabatic. The difference from the

previously described cases is the ignition method. For these cases, the ignition is done with a

simulated spark. A quarter-circular, high temperature region is placed at the center of the channel

along the end wall. The reference coefficients for the transport properties, _r, kr, Dr, are all given

in Table 2.1, so that the Lewis and Prandtl number for the all cases is unity. Table 5.2 lists the

flame channel simulations that were performed.

To ignite a flame from a spark, a minimum amount of energy, El, must be supplied from the
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spark. From Turns, s4 this is the amount of energy required to raise the temperature of the spherical

spark to the adiabatic flame temperature.

4 3 T
Ei = -_TrrmPbC-_p(Tb- u) (5.10)

This requires knowledge of the minimum spark radius, r,_. Turns 64 outlines an approach that equates

the rate of chemical heat release in the spark volume to the rate of heat loss due to conduction over

the spark surface and estimates the minimum radius to be

rm - 1.225t (5.11)

Using a different approach, Glassman s7 equates the chemical reaction time to the conduction time

and estimates the minimum radius to be

rm - 1.856_ (5.12)

Using the laminar flame thickness of 0.023 cm from chapter 4, the above two equation give a minimum

radius of 0.028 cm and 0.043 cm, respectively. The radius used for the spark simulations was 0.05

cm. Also the temperature of the initial burned material inside the spark was raised to 2930 K. This

was done to ensure that there was enough energy to initiate flame propagation.

5.2.1 Case AS1 : Baseline

This case has a channel geometry the same as the first planar ignition case, AD1. The channel

aspect ratio, length to height ratio, is 32.2. Figure 5.69 shows the temperature profiles for the

first 0.39 ms of the simulation. From the initial temperature discontinuity, the flame develops and

spreads outwards in a radial fashion. The flame traveling down the end wall toward the bottom

of the channel is slowed down and the flame develops a non-circular shape. By the time the end

wall flame has reached the bottom of the channel, a distance of about 0.077 cm from the initial

temperature discontinuity at the centerUne, the centerline flame has moved out a distance of about

0.473 cm. In time, the flame assumes the shape similar to the first case, AD1.

The final time in Figure 5,69, 0.391 ms, corresponds to the fourth time, t4, in Figure 5.1. In the

same amount of time, the present flame has traveled further down the channel and has developed

a greater flame area then the first case. This is shown in Figures 5.70, 5.71, and 5.72 which show

the flame position, velocity, and area ratio in time. As shown in Figure 5.72, the relative flame area

to the channel cross-sectional area is greater for this case, AS1, as compared to the first case, AD1.

The greater flame area results in more burned material which in turn provides greater additional

momentum to accelerate the flame. Figure 5.72 shows a constant relative flame area from about
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0.3 ms to 0.5 ms. During this time, the flame receivesa constant push and moves at a constant

speed. When the flame area begins togrow again,the flameacceleratesdue to the increaseinburned

material.

Figures 5.73 - 5.78 show the flowlieldpropertiesat 0.102 ms, 0.209 ms, and 0.305 ms. Fig-

ures 5.73and 5.74 show the flowfieldforthe flame stilltravelingdown the end wall of the channel.

The velocityfieldinduced by the flame shows that the expanding burned gas flowsboth behind the

flame,up to the centerline,and then out,as wellasdown and along the bottom wall.The streamline

patterns in the lastplot show this.The vorticityplot shows a boundary layerthat startsto grow

from the end comer ofthe channel due to the initialexpanding gas flowingdown along the end wall.

Figures 5.75 and 5.76 show the flowlieldwhen the end wall flame has reached the bottom of the

channel. The expanding burned material isthen forcedto flow up and out along the centerlinedue

to the bottom wall boundary layer,as in the planar cases.By 0.305 ms, the flowfieldhas become

qualitativelysimilarto the flowfieldthat developed in the planar ignitioncases.

The pressureplotsshow a differencefrom the planarignitioncases.Sincethe flame isinitialized

as a circulardiscontinuity,the initialpressurewave iscircularand not planar. This circularwaves'

moves outward and isrepeatedly reflectedoffof the channel side walls. The reflectedwaves also

interactwith each other insideof the channel. Figure 5.79 shows the pressure ahead of the flame

normalized by the initialpressure at a time of 0.166 ms, a time about halfway between the first

two flowfieldtimes.This plot shows that at a givenchannel location,the pressurevariesacrossthe

channel. This isdue to the the patternof the reflectedwaves inthe channel. Figure 5.74shows that

the streamlinepatternoscillatesdue to the pressureoscillations.As the flame approaches a profile

similarto case ADI, the pressure waves straightenout and thisoscillatingpattern flowsout of the

system.

Figure 5.80 and 5.81 show the evolutionof the boundary layerthicknesses.At earliertimes,

both boundary layerthicknessesoscillate,which iscaused by the fluctuatingvelocitiesdue to the

pressurewave interactionsin the channel. As time increases,these waves leavethe system and the

thicknessessmooth. Figure 5.82 shows the velocityalong the channel centerlinefor varioustimes.

At earliertimes,the velocityisconstant fora distanceahead ofthe flame,followedby a decreasein

velocityto the end ofthe channel. The firsttime plottedcorrespondsto when the relativeflame area

was nearlyconstant.As time increases,the area ratioincreases,and the flame velocityincreases.

Figures5.83 and 5.84 show the boundary layergrowth in localtime. Since the initialpressure

wave iscurved, the startingpoint for the localtime calculationiswhen the pressure wave along

the wall firstreachesa given location.As can be seen in both figures,the boundary layergrowth

islessthen Stoke'sFirstProblem, due to the flow acceleration.Also seen isthe fluctuationsinthe
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boundary layer thickness at early times due to the pressure wave reflections. By about 0.25 ms local

time, these waves have passed by all locations and the thickness smooth and become self-similar.

5.2.2 Case AS2 : Effects of Increased Channel Height

This case has the same channel geometry as the third planar ignition case, AD3, in that the

channel height is doubled, making the channel aspect ratio 16.1. Figure 5.85 shows the initial flame

development for the first 0.672 ms. The circular spark deforms greatly in time. The end wall of

the channel acts like the side wall for the portion of the flame that is moving along it. As seen at

time t3, the portion of the flame moving along the end wall has obtained a shape similar to the

flame that moves along the channel side wall for later times, for example ts. As the end wall flame

approaches the side wall, the portion of the flame traveling along the end wall overtakes the flame

a short distance from the end wall. This creates a flame remnant, as seen at time ts. This remnant

becomes detached from the main body of the flame which propagates down the channel. In time,

the remnant bums itself out.

The reason that the remnant was not seen for the first spark case is that there was not enough

time, or distance traveled along the end wall, for it to develop. As seen in figure 5.69 for the first

spark case, the flame moving do_-n the end wall reaches the side wall by about 0.230 ms. For case

AS1, the flame moving along the end wall is nearly straight, as opposed to the highly curved flame

that exists in the present case. V,'nen the straight flame nears the end wall, the flame along the wall

accelerates to the comer as seen at time t3 in figure 5.69, so that no remnant forms.

Figures 5.86 and 5.87 show the flame position and velocity. Compared to the third planar ignition

case, AD3, which has the same channel height, this case exits the channel sooner and reaches a higher

flame speed. This is caused by a higher burn area, as shown in figure 5.88. This figure compares

the relative burn area for the two cases. The higher burn area for the spark case leads to a higher

flame speed. Also, comparing figures 5.87 and 5.88, the flame speed has the same general shape as

the area ratio.

Figures 5.89 - 5.96 show the flowfield properties at 0.348 ms, 0.500 ms, 0.650 ms, and 0.801

ms. Figure 5.89 and 5.90 show the flame when it is still moving down the end wall. The end wall

flame has the same shape as the side wall flame seen in the previous cases. The velocity vectors

and instantaneous streamlines show that the burned material from the end wall flame expands both

ahead of and behind the flame. The flow that expands ahead of the fiame turns the comer and

proceeds out the channel. The material that expands upwards along the end wall then turns and

provides an extra push to the flame near the centerline. This flow pattern is similar to the flowfield

reported by Gonzalez 16 for the flow induced during a spark ignition. The vorticity plot shows that
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the boundary layerforthiscase begins at the cornerof the channel. The pressure plot shows that,

likethe firstspark case AS1, the pressure contours are not straight.This isdue to the initially

circularpressurewave reflectingoffof the sidewalls.

Figures5.91and 5.92 shows the end wallflame as itnears the sidewall.The expanding gas that

was pushed ahead of the flame and around the corner isnow pushed eitheralong the flame surface

or isexpanded behind the flame.With the gas flow ahead ofthe end wall flame stopped, the flame

travelingadjacent to the wall moves into a nearlystagnant gas. The boundary layeralong the end

wallformed by the expanding gas disappearswhen the velocitygoes to zero.

Figures5.93 and 5.94 show how the remnant flame forms. The flame has reached the side wall

of the channel. The velocityvectorsshow that the remnant isdrawing material upwards towards it.

This upward flowprovides an added momentum push from the remnant flame towards the centerline

ofthe channel. Due to the presence of the end wall,the additionalpush on the flame attached to

the end wall islessdue to the no-slipboundary conditionbringingthe velocityto zero.This allows

the attached flame to overtake the flame in the centerof the remnant. This issimilarto what

happens to a flame in a closedchannel when itreachesthe wallopposite from the ignitionsource.

The flame that reachesthe sidewallisquenched, and a remnant isleftbehind by the main flame as

itpropagates down the channel. Figures5.95 and 5.96show the flame afterthe remnant has burned

out. The flame assumes a shape similarto the shape incase AD1. Unlike case AD3, no cusp forms

at the centerline.This isbecause the centerlineflame always has an additionalmomentum push

and can remain ahead of the restof the flame body.

The evolution of the displacement thicknessand boundary layer thickness is shown in fig-

ures 5.98 and 5.97.The oscillationsat the earliesttime shown are due to the pressure oscillations

caused by the reflectingwaves from the initialcircularpressurewave. This isthe same thing that

happened in the firstspark case,AS1. By latertimes the fluctuationshave exitedthe channel and

the thicknessessmooth out. Both thicknessesare greaterthan the firstspark case due to the lower

velocity.They are thinnerthough than the thirdplanarcase,AD3, because compared to that case

thiscase has greateracceleration.The greateraccelerationthinsout the boundary layer.

Figure 5.99and 5.100givethe growth ofthe boundary layerinlocaltime. Due to the acceleration

of the flow,the boundary layergrowth islessthan Stokes'FirstProblem untilabout a localtime

of 1.2ms when the growth becomes greater.This corresponds to the decelerationof the flame as

shown in figure5.87.The oscillationsthat occur inthe beginning ofthe plotsare from the pressure

reflectionsas describedinthe preceding paragraph.
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5.2.3 Comparison of the Spark Ignition Cases

Figure 5.101 show the evolution of the area ratio for the two spark ignition cases. Figure 5.102

shows the time history of the flame speed. On both figures, the related case from the planar ignition

simulations with the same channel height is also shown. For the first spark case, AS1, the area

starts out less then the area for the planar ignition, due to the smaller spark size, but very rapidly

surpasses the area from the first planar ignition case. Since the burn area is increased, the speed of

the flame is increased. The second spark case, AS2, also starts out with less flame area, but quickly

surpasses the burn area from the third planar case. It always remains above the area for the third

planar case. Figure 5.103 shows the growth of the boundary layer at the 8 cm location for both

spark cases. Both are seen to be less then the solution to Stokes' First Problem, except for the later

part of AS2 which starts to grow faster. This is due to the deceleration of the flame as shown in

figure 5.102.

Figure 5.104 shows the flame speed and burn area plotted on the same graph. The curve for the

flame speed is seen to follow the curve for the burn area. Figure 5.105 shows the flame speed plotted

against the bum area. In both cases, for the initial expansion of the spark, the curves are nearly

linear and lie almost on top of each other. The relationship between the flame speed and burn area

was given in equation 5.9, and is repeated here.

Using a laminar flame speed of 128 cm/s and a temperature ratio of 8, the theoretical value for the

slope is 1024. For the initially linear portion of both curves, the slopes are 991 for AS1 and 970

for AS2, differences from theory of 3.2% and 5.3% respectively. The curve for AS1, after the initial

expansion of the spark, the burn area curve flattens out, as does the flame speed. Since the two

curves are slightly out of phase v,ith each other this accounts for the notch back at an area ratio

of about 5. After this constant region the flame area begins to increase again with a slope of 1096,

7.0% from the theoretical value. After the spark expansion, the burn area decreases, then slightly

increases again. Since there is a lag time in the response of the flame speed, this accounts for the

wandering of the curve in figure 5.105 after the initial straight section.

5.3 Isothermal Wall

This case has a channel geometry the same as the first adiabatic wall case, AD1. The channel is

0.254 cm in height and 8.2 cm in length. The ignition method is a planar high temperature region
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located at the dosed end of the channel from 0 cm to 0.3 cm. This is the same ignition method

as in the first adiabatic wall case. The wall temperature boundary condition from 0.3 cm to the

outflow end of the channel is isothermal, with a wall temperature of 293 K, which is equal to the

initial unburned gas temperature. The species boundary condition is non-catalytic. The reference

coefficients for the transport properties, _r, k_, and Dr, are given in Table 2.1, so that the Lewis

and Prandtl numbers are unity.

Figure 5.106 shows the flame position in time at the centerline of the channel. Shown for

comparison is the flame position for the first adiabatic wall case and the 1-D flame. Figure 5.107

gives the isothermal flame speed in time. Compared to case AD1, the isothermal flame takes a longer

time to exit the channel. The flame speed also shows that the flame accelerates and decelerates as

it propagates down the channel. This is consistent with the _jerky" motion of a flame, 9,27 where

the motion oscillates. It is also interesting to note that the mean propagation location and velocity

is close to the 1-D flame results.

Figure 5.108 shows the flowfield temperature, T, fuel mass fraction, Y, chemical energy release,

AEc, and pressure, p, at 0.217 ms. The chemical energy release is the amount of energy that is

transferred from the zero point energy term, pqY, to the sensible energy term, pc_T in the energy

equation, (2.25), during the chemical reaction.

dY

= pq - (5.14)

The pressure waves that emanate from the initial planar discontinuity are nearly planar, as with the

first adiabatic wall case. As seen in the temperature plot, the cold wall cools the hot burned product

behind the flame. The mass fraction profiles do not follow the temperature profiles as they did for

all of the adiabatic wall cases. This is due to the mass diffusion effects. The energy release shows

that the flame is quenched, or extinguished, due to the cold wall. This is evident by the energy

release not touching the lower wall. The quenching distance for a flame traveling between parallel

plates is derived in Appendix C and is repeated here.

where dq is the quenching distance, and Tq is a quenching temperature. Using a value of 1000 K

for the quenching temperature, and evaluating the thermal conductivity, k, at the average flame

temperature of 1319 K, the theoretical quenching distance is 0.011 cm. Again using the 1000 K

isotherm as a reference, the average separation distance over the entire calculation between the

wall and the nearest position of the isotherm to the wall is 0.005 cm. Since this value represents

quenching for half of the flame, due to the symmetry condition at the centerline, the total quenching

distance is 0.010 cm, about a 10% difference from the theoretical value.
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Figure 5.109 shows the velocitiesand instantaneousstreamlinesfor thistime. The expanding

burned gas induces a flow ahead of the flame in the unburned material toward the open end of the

channel. A flow also develops behind the flame in the burned region. This is due to the cooling of

the hot burned product by the cold wall. This cooling of the gas by the wall causes the density to

decrease. This decrease in density provides space into which the burned material can expand.

Figures 5.110 and 5.111 show the flame properties at 1.304 ms. By this time in the adiabatic wall

cases, the flame is nearly at or has exited the channel. For this case, the flame has reached about

1.5 cm down the channel from the initial planar discontinuity. The temperature plots shows that

the cooling is more pronounced, with a large cool region existing behind the flame. This large cool

region behind the flame allows the burned material to expand back toward the end wall. Examining

the u velocity plot, there is a greater magnitude of reverse flow then there is for flow out of the

channel ahead of the flame. The streamlines show a region of reversed flow has developed ahead of

the flame close to the lower wall and extends to the exit of the channel. The flow in the center of

the channel is still directed out of the channel. The pressure plots shows that there is an adverse

pressure gradient in the channel.

Figures 5.112 and 5.113 show the flame properties at 1.760 ms. The streamlines show that the

reversed flow region near the lower wall is gone. The flow ahead of the flame is entirely moving

toward the exit of the channel. The velocity at the centerline ahead of the flame has accelerated

to a faster speed. The pressure gradient ahead of the flame has also reversed itself into a favorable

one. Figures 5.114 and 5.115 give the flame properties at 2.519 ms. The reversed flow region near

the lower wall has returned. The pressure gradient is again adverse. Re-examining figure 5.107, the

regions of flow reversal roughly correspond to the regions where the flame is decelerating. When

the flow reversal ahead of the flame is not present the flame is accelerating. The pressure gradient

reversing is directly related to the flame motion. When the flame motion is decelerating, expansion

waves are generated, causing an adverse pressure gradient to form ahead of the flame. I

The centerline velocity at different times is shown in figure 5.116. The velocity at various channel

locations ahead of the flame in the unburned gas is given in figure 5.117. Both figures show that the

flow at the centerline of the channel ahead of the flame always remains positive, that is the flow is

always directed toward the outflow of the channel. The centerline flow behind the flame is directed

backwards toward the end wall, and can be greater in magnitude then the outward directed flow.

Figure 5.118 gives the variation in the flame area in time. Shown for comparison is the flame

area for case AD1. The flame area is defined for this case as the length of the 1000 K isotherm

from the channel centerline to the closest point that it reaches from the lower wall. Comparing the

variation of the flame area with the flame speed from figure 5.107, the area ratio follows the flame
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speed. When the speed decreases,the area decrease,and vice-versa.

The totalchemical energy releaseand the totalheat extracted by the cold wall are shown in

figure5.119. The totalchemical energy releaseisdefinedas the integrationof the localchemical

energy release,as definedin equation (5.14),over the entireflame volume. Assuming a unit depth,

the totalchemicalenergy releasecan be calculatedas

dY

=f f

This givesthe totalamount of energy at each time that isreleasedin the chemical reaction.The

totalheat extractedfrom the flow isdue tothe coolingofthe flowby the lowerwall.Again assuming

a unitdepth, the totalheat extractedfrom the flow isgiven by

L artf

Qw = j0 (5.17)

where equation (2.33) has been used to evaluate the local heat flux to the lower wall. Due to the

noncatalytic wall boundary condition, the term (dY]dy)w is identically zero. Examining figure 5.119,

the total chemical energy release follows the general shape of the flame area and speed variation.

As flame area increases, there is more burning so the total energy release increases. The total heat

removed by the cold wall is always increasing in time. This is due to the propagation of the flame

constantly providing a longer heated zone behind the flame.
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Chapter 6

Conclusions

The interaction of a laminar flame with its self-generated boundary layer in a rectangular channel

was numerically simulated using the two-dimensional, reacting, Navier-Stokes equations. A two

species chemistry model was implemented which simulates the stoichiometric reaction of acetylene

and air. Calculations were performed to investigate the effects of altering the boundary condition

of the wall temperature, the Lewis number, the dynamic viscosity, and the ignition method. The

purpose of this study was to examine the fundamental physics of the formation of the boundary

layer and the interaction of the flame as it propagates into the boundary layer that its own motion

has created.

6.1 Summary of Results

The pressure waves, that are emitted by the flame as it moves down the channel, induce a

flow ahead of the flame in the same direction as the flame propagation. This induced flow creates

a boundary layer on the channel wall ahead of the flame. The flame then propagates into this

boundary layer that was created due to its own motion. These pressure waves are represented in the

solution procedure. The compression and expansion waves produced by the flame are the mechanism

by which the gas is set into motion. The interaction of the pressure waves with the gas is seen in the

boundary layer growth ahead of the flame. Ahead of the initial pressure wave, which moves at the

local speed of sound, the gas is unaware of the flame. The boundary layer begins to grow in time

starting from the location of the initial pressure wave. This solution represents a direct numerical

simulation of the acoustic interactions of the pressure waves created by the flame motion.

The growth of the boundary layer is found to be self-similar in local time. Local time is defined

to start at the instant the initial pressure wave generated by the flame reaches that point in the

channel. The growth follows the general solution of Stokes' First Problem. With the growth being
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self-similarin localtime, an analyticaltheorycould be developed to calculatethe flame positionand

speed in a channel. The boundary layergrowth caused by the flame could be modeled as Stokes'

FirstProblem with an accelerationterm.

The deviationfrom the classicalsolutionofStokes'FirstProblem isdue to the flame acceleration.

Flames that accelerateat a fasterrateshow more deviationthen flames with a sloweracceleration.

Increasingthe channel heighthas the effectofslowingthe flame,thereby causingbetteragreement.

When the viscositywas increased,the flame acceleratedat a fasterpace,causinga greaterdeviation.

The reasonforthe accelerationofthe flame isthe upwellingatthe wall.When the materialburns in

the flame,the densitydecreases.The materialthat burns near the wallisrestrictedby the boundary

layer,which causesa flow blockage. The material that cannot expand ahead ofthe flame isforced

to expand upwards, creatingthe upweUing. The upwelling turns at the centerlineand provides

additionalmomentum to the flame near the centerline.This createsthe mushroom shape flame.

When the channel heightwas increased,the upwelling was not dispersed over the entireflame,but

acted on a flame regionbetween the wall and the centerline.This created a rearward cusp at the

centerline.Since the curved regionnear the wall grows in time, the upweUing increases,and its

effectsare dispersedover a greaterportion of the flame. This leads to the rearward cusp at the

centerlineforming and then shrinkingin time.

When a simulated spark was used for the flame ignition,the flame propagated at a fasterspeed.

This was due to the flame developing a greaterflame front area in a shortertime as compared

to the planar ignitioncases. The greaterthe flame front area,relativeto the channel height,the

more materialwillbe burned, and the more the flame willbe accelerated.An interestingfeature

observed in the case with increasedheight was the formation of a flame on the end wall of the

channel with a similarshape as the flame that propagates down the side wall.When the flame on

the end wall reached the sidewall a flame remnant formed that became detached from the main

flame and eventuallyburned itselfout.

The resultsfor an isothermalwall differedgreatlyfrom the resultsfor an adiabaticwall. Since

the wall temperature was fixedat the unburned gas temperature, the flame was quenched at the

lower wail. Also, sincethe burned volume behind the flame was cooled by heat transferto the

lower wall,the burned materialcould expand in both directions.This had the effectofslowingthe

flame and at times even reversingthe propagation direction.When the propagation directionwas

reversed,an area ofreverseflow existednear the lower wall.
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6.2 Recommendations for Future Work

The simulations presented in this study represent work done for a two-dimensional laminar flame

in a rectangular channel in the absence of a gravitational force. Recommendations for future work

include :

The gravitationalterm should be included. This would requirethat the orientationof the

channel be specified,eitherverticalor horizontal. The flame shape and propagation will

be alteredby the buoyancy effectsof the lower density burned gas behind the flame. In

a horizontalchannel,the buoyancy would require the simulation of the entirechannel, the

centerlinesymmetry conditioncould not be applied.

A calculationshould be performed with a full-chemistrymodel, such as a methane-air or

hydrogen-airmodel. A fullchemistrymodel would allowthe transportand chemical properties,

such as the specificheats,to vary over the flame and channel.

A turbulence model should be included. Turbulent flames propagate at a higher velocity

then laminar flames.Also a turbulent boundary layeristhickerand would providea greater

blockage to the gas motion ahead of the flame. An alternateapproach to adding an explicit

model would be the directnumerical calculationofthe turbulenceby decreasingthe gridsize.
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Appendix A

Stokes' First Problem with Various

Accelerations

Stokes' First Problem was discussed in section 3.2.3 dealing with code validation. The general

equation is derived from the x-momentum equation (2.2) with the following assumptions :

• The u velocity is independent of the x direction, u = u(y, t).

• v=O.

• The edge velocity is at most a function of time, Ue = U_ (t).

With these assumptions, the x-momentum equation reduces to

Ou 1 OP 02u

Ot - pox + u-_y 2 (A.1)

must satisfy the above equation. Substituting the edge velocity intoThe edge velocity, Ue(t),

equation A.1 gives

dU_ 10p
- (A.2)

dt p Oz

This equation can be used to replace the pressure gradient term with the acceleration of the edge

flow, dU_/dt. The final equation to be solved is

02u 1 ¢91t 1 dUe

ay 2

with the boundary conditions given by

v Ot _ dt
(A.3)

y=0 : u=0 (A.4)

y _ _x_ : u _ Ue(t) (A.5)

To show that flow with acceleration reduces the boundary layer thickness, three different accelera-

tions will be discussed.
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A.1 Zero Acceleration

This case has zero acceleration,givinga constant edge velocity,Ue (t)= Ue. This problem is

Stokes'FirstProblem, as discussedin section3.2.3.Let W be definedas

Y (A.6)
T/= 2V_Vt)

The solutionto thisproblem isgiven by Schlichtingas5b as

= I- erfc(v) (A.Z)

where erfcisthe complementary errorfunctiondefinedas

erfc(v)= 1 - err(w) (A.8)

err(W)= _ exp(-7}2)d_? (A.9)

This equation,along with the solutionsforthe next two sections,isshown infigureA.1.

To obtainthe boundary layerthickness,699,equation (A.7)issolvedforthe _/where the velocity

is0.99% ofthe edge value.This givesthe boundary layerthicknessas

J99 = 3.64_vt) (A.10)

A.2 Constant Acceleration

For thiscase the accelerationisa constant,givinga linearedge velocityprofile.Let the acceler-

ationbe given by a,so that the edge velocityisgivenby Ue(t) = at. The governing equation (A.3),

boundary conditions,and initialconditionsaxe given as

02u 1 0u a
= -- (A.11)

Oy2 u _ v

u(y,0) = 0 (A.12)

,(0,t)= 0 (A.13)

u(y --__,t) --_ at (A.14)

To solvethe problem, a change of variablesisperformed.

,_(u,t) = u(u, t) - at (A.ZS)
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Substituting into the above equations gives a new, homogeneous equation to be solved.

a2v lo%
= 0 (A.16)

v at

with initialand boundary conditionsgivenby

v(y,0) = 0 (A.17)

v(O,t) = -at (A.18)

v(y--+ oo, t) -_ 0 (A.19)

A general solution exists for the problem with the boundary condition at the wall given by

v(O,t) = K¢½n,n = -1,0, 1,2, ... (A.20)

The solution is given by Carslaw and Yeager e9 as

v = gr(in + 1)(4t)½ninerfc(rl) (A.21)

where r is the gamma function. To complete the solution, the following formula are used to obtain

a solution without the complex variable, i.

2ni" erfc( z ) =

i_erfc(x) =

ieI'f'e(x) =

i"-2erfc(x) - 2xin-lerfc(x)

_ [erfc(z) - 2zierfc(z)]

1

exp(-x 2) - xerfc(x)

(A.22)

(A.23)

(A.24)

For the problem as stated in equations (A.16 - A.17), K = -a and n = 2. The gamma function

for n = 2 is given by r(2) = 1. Solving the transformed problem and transforming back to the

original variable, u(y, t), gives

2 2
u(y,t____))at= I - (I+ 2w2)erfc(w)+ _/exp(-_/ ) (A.25)

This equation isshown infigureA.1. To obtainthe boundary layerthickness,thisequation issolved

for the _/where u(y,t)/at = 0.99. This value is7/= 1.45. The boundary layerthicknessfor the

constant accelerationproblem isgiven by

699 = 2.90vt_ = (0.797)3.64V/'_ (A.26)

This shows that for a constant acceleration, the boundary layer thickness grows slower then for the

constant velocity case.

161



A.3 Linear Acceleration

For this case, the velocity follows a parabolic distribution which gives a linear acceleration. Let

the acceleration be given by at, so that the edge velocity is given by Ue(t) = 0.5at 2. The governing

equation (A.3), boundary conditions, and initial conditions are given as

o_u 10u at
= --- (A.27)0_2 u Ot u

u(y,0) - 0 (A.28)

u(0,t) = 0 (A.29)

1
u(y _ or, t) --+ _at 2 (A.30)

As was done in the previous section, a change of variables is performed.

1

v(u, t) = u(_, t) - _at 2

Substituting into the above equations gives a new, homogeneous equation to be solved.

(A.31)

02v 1 8v
- --- ----0 (A.32)

Oy 2 v Ot

with initial and boundary conditions given by

v(y, 0) = 0 (A.33)

v(O,t) = -2at 2 (A.34)

v(y--+ o¢,t) _ 0 (A.35)

Making use of the general solution given in equation (A.21), K = -½a, n = 4, and the gamma

function for n = 4 is given by F(3) = 2. Solving the transformed problem and transforming back to

the original variable, u(y, t), gives

lat2 = 1 -- (1 + 2r/2)erfc(r/) -- r/exp(--172)

+ gn e_(-,?) - _erfc(_)

_ 5022 + - _r/exp(-r/ )] (A.361[(1 2_/2)erfc(_) 2 2

This equation is shown in figure A.1. To obtain the boundary layer thickness, this equation is solved

for the 7/ where u(y,t)/Ue = 0.99. This value is r/= 1.23. The boundary layer thickness for the

constant acceleration problem is given by

69_ = 2.46vt_ = (0.677)3.64vf_ (A.37)
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This shows that forthe caseofa linearlyacceleratingedge velocity,the boundary layergrows slower

then both the constant and zero accelerationcases.

g-

21 ....... a.... at /J

1.5F ,/_

ii / ////!I

u 0 0.25 0.5 0.75 1

U/U,

FigureA.I: Velocityprofileswith varying edge accelerations
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Appendix B

Density and Temperature

Variations Due to a Compression

Wave

A finite compression wave is defined as a wave where the changes, or perturbations, from the

initial conditions may not be small. This is opposed to a weak or acoustic compression wave where

the perturbations are assumed to be small so that linear relationships may be developed. When a

finite compression wave passes through a point in space, the pressure, density, and temperature all

increase. Let the initial condition be given by Pl, TI, and pl. After the wave has passed by, the new

conditions in region 2 are given by a perturbation from the initial conditions.

P2 -- pl+Ap (B.1)

T2 = T1 +AT (B.2)

P2 = Pl +AP (B.3)

Assume the wave is isentropic. This allows the conditions in regions 1 and 2 to be related by the

isentropic flow relations.

= \_'1) (B.4)

where 7 is the ratio of specific heats. Substituting equations (B.2) and (B.3) and reducing gives

1)= + (B.5)

To relate this result to the relative pressure increase, the equation of state is used. In regions 1

and 2, the equation of state becomes

Pl = plR, T1 (B.6)
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I)2 = p2R,T2 (B.7)

Using equations (B.1 - B.3), the equation in state 2 becomes

Pl + Ap = (Pl + Ap)R.(T1 + AT) (B.8)

Pl + Ap = plR, T1 + plR, AT + ApR,T1 + ApR, AT (B.9)

Dividing both sides by equation (B.6) and reducing using equation (B.6) gives

Ap Ap + AT Ap AT
P--l- = _- _ + ----Pl T1 (B.10)

This equation provides the relationship between the relative increases of the density and temperature

as related to the pressure increase.

B.1 Acoustic Wave

Assume that the ratio of the perturbation to the initial condition is small.

AT
--<<1
71

Using the binomial expansion, neglecting higher order terms, equation (B.5) reduces to

Pl

(B.I1)

(B.12)

For the present chemistry model, _ -- 1.25 so that the above equation becomes

Pl _ (B.13)

This shows that for a finite compression wave, the relative increase in density is greater then the

relative increase in temperature, 4x for the present chemistry model. Assuming that the product

of perturbations is small, equation (B.10) becomes

__ ATAp _ A__p_p+ __ (B.14)
Pl Pl T1

Ap . 7 AT
(B.15)

Ap _ (B.16)__ 5 AT
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B.2 Finite Wave

For a finite wave the perturbations need not be small.

variation gives

Ap(AT) 1/('Y-1)71= -1

Solving equation (B.5 for the density

(B.17)

Substitutingthisrelation intothe pressureequation gives

Ap(AT) "/('-1)_-= -_-I +1 -1 (B.18)

For a given relative increase in the pressure due to a finite wave, the relative increase in the density

is greater the the relative increase in the temperature.
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Appendix C

Laminar Flame Theory

C.1 Overview

Laminar flame theory provides a means to estimate the flame speed, which is defined as the speed

of the flame relative to the flow ahead of it, and the flame thickness. Mallard and LeChatelier 27

developed a model of a flame as shown in Figure C.1. The flame is divided into two region. The first

region, Zone I in the figure, is a preheat region. There is no chemical reaction in this region. The

unburned material is heated due to thermal conduction up to a temperature Ti, which is assumed to

be close to the temperature of the burned material, Tb. In the second region, Zone II in the figure,

the material combusts. The flame is stationary with the gas flow coming towards it at the laminar

flame speed, SI.

C.2 Laminar Flame Speed

Zeldovich and Frank-Kamenetskii 8°-_ and Semenov s3 developed a laminar flame theory ba_ed

on the model described above. They solved the species mass conservation equation and the energy

conservation equation to determine a formula for the laminar flame speed. The assumptions that

they made are :

• On+dimensional (_fl-_= 0).

• Steady state (_ = 0).

• Viscous stress terms are negligible.
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.-1

x=0

Figure C.I: Temperature profileacrossa laminar flame

v

• Constant pressure.

• The number of moles isconstant during the reaction.

• The specificheat,c_,isconstant

• The thermal conductivity,k, isconstant

• Lewis number isunity.From equation (2.30)thisimpliesthat k/cp = pD.

With the above assumptions,the globalcontinuityequation, (2.1),can be writtenas

apu=
Ox 0 =_ pu = constant (C.1)

This is a statement that the mass flow rate is constant. Applying this equation to the flame model

in Figure C.1 gives

= p.sz (c.2)

For a steady, one-dimensional flame, the species continuity equation, (2.5), written in terms of

the fuel mass fzaction, Y, is given by

dY d dY

= + (c.3)
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where w isthe production rateof fuel.Using equations (2.18)and (2.19),thisterms becomes

w = p2yAexp(-To/T) (C.4)

Transforming this equation using ¢ = Y - Y,, equation (C.3) can be written as

d2¢ d¢
pD-_._ - pu_ + w = 0 (C.5)

The energy equation, (2.4), is written in terms of temperature. For the current chemistry model,

this equation becomes

k d2T dT wq

(_)_-_- - _ _ =0 (c.6)

Transforming by 0 = (c_/q)(Tu - T), this equations becomes

20 dO( )_-_-_,_ +_ =0 (c.7)

The boundary conditions for equations (C.5) and (C.7) are given by

¢ = 0 (c.8)x = --oo 0=0

{ ¢=-Y,,=-1= +_ o = (_/q)(T,, - T_) (C.9)

Comparing equations (C.5) and (C.7) and the above boundary conditions, it can be seen that the

solutions of the two equations will be the same, ¢ = 0, if the boundary conditions at infinity are the

same.

-Y. = C_(Tu- rb)
q

cq,Tb = c_T_, + q (C.10)

This condition is satisfied if the flame is adiabatic. To prove this, examine equation (2.33). Setting

the x component of heat flux to 0, and integrating over the flame from T, to T, we get

dT dY

qz = O = -k_ - pDq_

-k dT = pDq dY

c_T + qY = cn,Tu + q (C.11)

The left hand side of this equation is evaluated at the burned side, where T = Tb, and Yb = 0, to

get

c_Tb = c_T, + q (C.12)
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This equation is identical to equation (C.10). Making the assumption that the flame is adiabatic,

equation (C.11) can be used in place of equation (C.5). This reduces the system to one differential

equation and one algebraic equation.

The solution procedure is to integrate equation (C.6) over the two zones in figure C.1 and match

the first derivative at z = 0. This ensures that the heat flux is balanced between the two regions.

In Zone I there is assumed no reaction, w = 0.

dx 2 _ = 0 (C.13)

with boundary conditionsfor thisregion

=] -co, T=T., dT_-ffi=O
Z

( 0-, T T_
(C.14)

Integrationthisequation fzom -co to 0- and applying the boundary conditionsat -co gives

dT

= - r.) (C.15)

This equation forthe derivativeisevaluatedatx = 0-. Itisassumed that Ti isvery closeto Tb,so

that T_ ,_Tb.

In Zone If,itisassumed that the convectiveterm inequation (C.6)isnegligible,sinceT_ isvery

closeto Tb.

d----_ ÷ -- 0 (C.17)

with boundary conditions for this region given by

= f co, T=Tb, _=0
X (C.18)t 0+, T=T_

Integrating the above equation from 0+ to co, applying the boundary conditions, and evaluating the

result at 0+ gives

where

I = wdT ._ wdT (C.20)

The lower integration bound can be replaced by Tu since it is assumed that there is no reaction from

T_ toT..
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At x = 0 the two derivativeequations,(C.16) and (C.19),must be equal to ensure a heat flux

balance between the two regions.

(Tb - T_) = _I (C.21)k

Solving the above equation/or p_, substituting the result into equation (C.2), and reducing using

equation (C.12), gives an equation for the laminar flame speed, Sl as

According to Kuo, 2 thisformula doesn'tgive very accurate results,but itdoes predictthe trends

well.One ofthese trends isthat the flame speed isproportionalto the square root of the thermal

conductivity,Sz ocv/k.

C.3 Laminar Flame Thickness

Turnss4 outlinesa method from Spaldingssto calculatethe laminar flame thickness,definedby

Tb - T,,
St = xr (C.23)

(_)_o_

Spalding s5 assumed that the temperature gradient through the flame was constant, making the

temperature profile a straight line. Equation (C.6), the energy equation, is integrated from -oc to

+oc, with the following boundary conditions

x= { +o¢, T=Tb, dT/dx=0 (C.24)- oc, T = T_,, dT/dx=O

This integrationyields

_(T_ - T_) = _ oo _dx (C.25)

Solving equation (C.23) for dx, substituting into the above equation, reducing using equations (C.12)

and (C.20), and substituting in for pu from equation (C.2), gives

p,,Sl(Tb - Tu) = &,I (C.26)

The term I can be removed from this equation by solving equation (C.22) for I and substituting.

After reduction, the equation for the laminar flame thickness becomes

6, = _ (c.2_)

Since the laminar flame speed was shown in the previous section to be proportional to the square

root of the thermal conductivity, this equation shows that the thickness is also proportional to the

square root of the thermal conductivity, 6t cc v_.
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C.4 Quenching Distance

Assume that the flame propagates between two parallel plates separated by some distance.

The quenching distance, dq, is defined as the smallest plate separation that will allow the flame

to propagate. If the plate distance is set any smaller, the flame will be quenched. The quenching

distance can be calculated by equating the heat generated due to the chemical reactions, qc, to the

heat lost at the wall, q,v. 2,64

Let Aw represent an area of wall surface. The total heat loss to both walls in given by

q,v = 2k_ , A,_ (C.28)

Let the temperature profile is linear f_om the wall to the center of the channel. Also assume the the

wall temperature, Tw is equal to the unburned gas temperature, T_. Using the linear temperature

profile, the heat loss at the wall can be written as

Tq- T,,
qw = 2k,_Aw _-/_ (C.29)

The heat release due to the chemistry is estimated as the average reaction rate over the volume

between the plates, times the heat of formation. The reaction rate, I, is given by equation (C.20)

I

qc = Tb - Tu qAwdq (C.30)

Equations (C.29) and (C.30) are equated and solved for the quenching distance, dq.

d_ = 4k,,,(Tq - Tu)(Tb - Tu) (C.31)
Iq

Solving equation (C.22) for I, and making use of equation (C.27), the reaction rate is given by

I = 2k(Tb - Tu)
c_J_ (C.32)

Substituting this result into equation (C.31), and using equation (C.10) for the heat of reaction, q,

the quenching distance is calculated as

-- _-_ ) (C.331

In this equation, Tq is the lowest temperature at which the flame can propagate. Also k is evaluate

at the same temperature used in the determination of the laminar flame speed.
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Appendix D

General Outline of CMRFAST2D

This Appendix will outline the basics of CMRFAST2D, a Connection Machine, Reacting, FAST,

Two-Dimensional code. A flowchart of the code structure is shown in figure D.1.

(i) The initial values of the flowfield properties are defined either from a restart file or from user-

defined initial values. The boundary conditions are established and the gridding is defined.

The viscous stress terms, heat conduction terms and mass diffusion terms are initialized to

zero.

(ii) The timestep is determined as discussed in section 2.5 The total time of the simulation is

calculated.

(iii) The viscous stress terms in both the momentum and energy equations are calculated using a

second order method.

(iv) The heat conduction terms in the energy equation are calculated using a second order method.

(v) The mass diffusion terms in the species continuity equations and the heat flux due to the mass

diffusion in the energy equation are calculated using a second order method.

(vi) The governing equations are integrated in time using the LCPFCT 4° routine as described in

section 2.4. The viscous, heat conduction, and mass diffusion terms are used as source terms.

The integration technique uses directional splitting to integrate in the x and the y coordinate

directions.

(vii) The chemical rate equations are integrated in time, as described in section 2.6.

(viii) This routine updates the values at the boundaries using the characteristic boundary method

described in section 2.7. Boundaries can be specified as subsonic outflow, inflow, solid wall,

symmetry, or extrapolation (supersonic outflow).
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(ix) This routineoutputs the flowfieldvaluesat selectedtimes. It alsogenerates a restartRIe at

selectedtimes.

(x)H the totaltime islessthen a stop time, the loop continuesby determining a new time-step.If

the time isgreater,a restartRle iswritten and the program ends. This loop criteriacan also

be based upon an iterationcounter.
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initialize I ( i )

_'sccus J (iii)

]

1

(_)

diffusion J (v)

FTCT ( vi )

chem_ I (vii)

no
(x)

Figure D.I: CMRFAST2D program flowchart.
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